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Abstract

In recent years, the confocal and two photon microscopes have become ubiqui-
tous tools in life science laboratories. The reason for this is that both these systems
can acquire three dimensional image data from biological specimens. Specifically,
this is done by acquiring a series of two-dimensional images from a set of equally
spaced planes within the specimen. The resulting image stack can be manipulated
and displayed on a computer to reveal a wealth of information. These systems can
also be used in time lapse studies to monitor the dynamical behaviour of specimens
by recording a number of image stacks at a sequence of time points. The time res-
olution in this situation is, however, limited by the maximum speed at which each
constituent image stack can be acquired. Various techniques have emerged to speed
up image acquisition and in most practical implementations a single, in-focus, im-
age can be acquired very quickly. However, the real bottleneck in three dimensional
imaging is the process of refocusing the system to image different planes. This is
commonly done by physically changing the distance between the specimen and imag-
ing lens, which is a relatively slow process. It is clear with the ever-increasing need
to image biologically relevant specimens quickly that the speed limitation imposed
by the refocusing process must be overcome.

This thesis concerns the acquisition of data from a range of specimen depths
without requiring the specimen to be moved. A new technique is demonstrated for
two photon microscopy that enables data from a whole range of specimen depths to
be acquired simultaneously so that a single two dimensional scan records extended
depth of field image data directly. This circumvents the need to acquire a full
three dimensional image stack and hence leads to a significant improvement in the
temporal resolution for acquiring such data by more than an order of magnitude.

In the remainder of this thesis, a new microscope architecture is presented that
enables scanning to be carried out in three dimensions at high speed without moving
the objective lens or specimen. Aberrations introduced by the objective lens are
compensated by the introduction of an equal and opposite aberration with a second
lens within the system enabling diffraction limited performance over a large range of
specimen depths. Focusing is achieved by moving a very small mirror, allowing axial
scan rates of several kHz; an improvement of some two orders of magnitude. This
approach is extremely general and can be applied to any form of optical microscope
with the very great advantage that the specimen is not disturbed. This technique
is developed theoretically and experimental results are shown that demonstrate its
potential application to a broad range of sectioning methods in microscopy.
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Chapter 1

Introduction

1.1 Historical overview

Historically, the effects of optical magnification and focusing were known to ancient

civilizations, who used vases and carafes of water to concentrate the rays of the sun

to start fires and magnify small objects for examination. There is no sign, however,

that lenses were used as optical instruments until the thirteenth century when Roger

Bacon introduced for the first time what may be termed a magnifying glass. Further

steps were taken by others and by the end of that century spectacles are reported

to have been used in Italy.

In 1590, or shortly afterwards, Hans Jansen in the Netherlands was the first to

report the construction of a compound system of lenses in a tube with an adjustable

distance to enter his name in history as the probable inventor of the compound

microscope as well as paving the way for the invention of the telescope, which is

just a microscope used in reverse. Such was the significance of this discovery that

when news of this invention reached Galileo Galilei in Italy at the beginning of the

17th century, he constructed his own system of lenses and promptly announced a

multitude of scientific discoveries about the universe, reporting that the Moon had

volcanoes and craters, the Sun had spots and that the Milky way in fact consisted

1
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of a myriad of stars.

As for the compound microscope, further developments were carried out in Italy

by Eustachio Divini which lead to the introduction of plano-convex lenses. These

could be used in microscopes to reduce the effects of spherical aberration and hence

improve the quality of observed images. At the same time Robert Hooke, in England,

invented a machine that could grind lenses with any conceivable curvature and hence

was able to construct precise optical elements. His craftsmanship extended beyond

this and he produced, for the first time, a system with an adjustable stand, a

moveable stage and equipment for effective illumination. In 1665, he published a

work, Micrographia [1], which became epoch making in the history of the microscope,

with thirty-eight outstanding illustrations of minute animals and vegetation that he

observed with his optical instrument.

Meanwhile, in the Netherlands, Antony Leeuwenhoek, a talented self-taught am-

ateur, developed lenses that could gain extraordinarily high optical magnifications

so that the smallest details could be observed. Realizing that the magnification

of a single lens could be increased by increasing the curvature of the surface, he

developed small spherical lenses with radii as small as 0.75mm that could effect

magnifications of up to 275X.

Over the next two centuries, improvements in lens design were introduced so as

to further reduce the effects of aberrations and improve image quality. Although

this was done with great precision, the lenses produced varied widely in terms of

the resolution that could be achieved until 1873 when Ernst Abbe, while working

with Carl Zeiss in Germany, published a number of experimental studies and a sen-

sational theory of image formation in the microscope [2]. In this work, he set out

the fundamental limitations on image resolution and explained that was intimately

related to the numerical aperture of the lens, showing that higher resolutions could

be achieved if the lens collected light emanating at higher angles from the speci-

men. This result can be expressed in terms of a simple equation that prescribes the
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smallest distance between two points, d, that can be resolved:

d =
λ

2n sinα
=

λ

2NA
(1.1)

where λ is the illumination wavelength, n is the refractive index of the immersion

media and α the semi-angular aperture of the objective lens. The refractive index

and angular dependence can also be recast as NA = n sinα, which is commonly

referred to as the numerical aperture. So famous was this result that it is carved on

Abbe’s memorial in Jena. Over the next few decades, lens design became a refined

art and objectives could be produced with almost no aberrations that operated close

to the fundamental limit of resolution.

1.2 Conventional fluorescence microscopy

Further developments soon lead to a range of imaging techniques for interrogat-

ing the properties of common specimens, each employing slightly different contrast

mechanisms. One such technique, that proved to be particularly useful in the bio-

logical sciences, was that of fluorescence microscopy. A schematic diagram of such a

conventional microscope system, in its modern manifestation, is shown in Fig. 1.1.

In operation, light from an arc lamp source is focused by the objective lens into

the specimen, where it excites fluorophores that either may be a natural part of the

specimen or deliberately introduced as a contrast agent. The fluorescent emission is

then collected by the same objective lens and passes through a dichroic beam split-

ter (DBS) that separates the emission light from the excitation light. The emission

light is imaged with a CCD camera, placed in the image plane of the microscope,

which is conjugate to the focal plane of the objective lens (shown as a dashed line).

This then records a two dimensional image of the specimen.

An example image of a random array of fluorescent polymer beads with a di-
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Figure 1.1: A conventional fluorescence microscope in its modern manifestation.

a)

10 μm 10 μm

b)

Figure 1.2: A conventional fluorescence image of a random array of fluorescent polymer
beads lying in a single plane a) in focus and b) displaced axially from focus.

ameter of 0.5µm is shown in Fig. 1.2a. The beads are dried onto a coverglass and

essentially lie in the focal plane of the objective lens. This image was acquired using

a 1.4NA 63X oil immersion objective lens and an excitation filter was used to pro-

vide an illumination spectrum in the range 432-482nm. Eq. 1.1 predicts that details

as small as 0.25µm should be observable and this is borne out in practice as each

of the constituent beads can be individually resolved, even when in contact with

others. In Fig. 1.2b, an image of the same specimen is shown for the case where it

is displaced along the optical axis by a few microns. As the specimen remains in the

illumination path of the microscope, fluorescent emissions are still initiated across
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the whole field of view. The process of moving the specimen, however, has taken it

out-of-focus and so the resulting image on the CCD camera is somewhat blurred.

As we can see, clear, high-resolution images only arise when the specimen lies in the

focal plane of the microscope.

10 μm

Figure 1.3: A conventional fluorescence image of a pollen grain

This specimen is, of course, rather artificial as it is essentially a two dimensional

object. In practice, specimens are usually three dimensional and extend along the

optical axis of the microscope as well. Fig. 1.3 shows the image of a three dimen-

sional fluorescent pollen grain obtained with the same microscope. In this case, the

entire specimen lies in the illumination path and so the resulting image consists of

a clear contribution from the parts of the specimen that lie in the focal plane of

the microscope on top of which is superposed the blurred signal that arises from all

parts of the pollen grain that lie out-of-focus. The blurred contributions therefore

introduce a background noise that essentially obscures the details in focus.

One brute force approach that can be used to remove this background noise to

obtain high quality images of single planes in the specimen would be to physically

cut the three dimensional object into a series of two dimensional slices and to image

each of these in turn. This sectioning process is not always possible, however, and is

highly invasive to the specimen. Fortunately, more sophisticated optical sectioning
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approaches exist that remove the out-of-focus contributions using optical techniques

without altering the specimen physically. This is discussed in the following section.

1.3 Optical sectioning in microscopy

An important breakthrough in the mid-fifties lead to the concept of the optical sec-

tioning in microscopy. This permitted the out-of-focus blur in conventional images

to be eliminated in order to obtain a clean in-focus image of a single specimen plane

([3], [4]). Various techniques can be used to achieve this and in the next two sections

we will discuss the underlying principles of two such techniques that have made con-

siderable impact in the field of biological imaging, namely the confocal microscope

and the two photon microscope.

1.3.1 The confocal fluorescence microscope

Historically, Minsky [5] and Petráň et al. [6] were the first to describe systems

exhibiting the standard properties of a confocal microscope. However, it was not

until 1978, after the development of the coherent laser source, that the first practical

demonstration of a high resolution system was performed by Brakenhoff et al. [7, 8].

A simplified schematic of the confocal microscope is shown in Fig. 1.4 and illustrates

the basic principle of operation.

In summary, light from a laser passes through a source pinhole and is focused

by an objective lens into the specimen, where it excites fluorophores. In contrast

to the conventional microscope, which uses an extended light source, the laser illu-

mination in this case produces a diffraction-limited spot in the focal plane of the

objective lens. Fluorescent emission, which is initiated throughout the illumination

cone, is then collected by the same objective lens and passes through a dichroic

beam splitter in the same way as before. The emission light is now focused onto a

detection pinhole placed in front of a photodetector (PD). This pinhole, which is in
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Figure 1.4: A confocal fluorescence microscope.

the same position optically as the source pinhole, obscures fluorescent light emitted

by fluorophores lying outside the focal plane and only admits light emanating from

the focal region. As a result, this system measures the fluorescence intensity arising

from a diffraction-limited spot in the specimen. An image can be constructed, with

the aid of a computer, by scanning the interrogation point relative to the specimen

across the focal plane to measure the fluorescence strength at different positions in

a two dimensional array of points. An image can then be displayed afterwards on a

computer. There are a number of methods that can be used to perform the scanning

and these will be discussed shortly.

An example image taken with a confocal microscope is shown in Fig. 1.5. This is

the same pollen grain specimen used previously. Comparison of this image and the

conventional image in Fig. 1.3 shows the significant improvement that clearly arises

from the elimination of contributions from out-of-focus regions of the specimen.
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Figure 1.5: A confocal fluorescence image of a pollen grain.

1.3.2 The two photon fluorescence microscope

The two photon fluorescence microscope was first demonstrated experimentally by

Denk et al. [9] in 1990. This technique essentially relies on the non-linear nature

of the two-photon absorption process that is initiated in fluorophores lying in the

most intense regions of the focal spot in the specimen.

|e>

|v>

|g>

2p-fluorescence

∼λ/2

λ

λ

DBS

pinhole

specimen

L
A
S
E
R

PD

Figure 1.6: A two photon excitation fluorescence microscope. (Inset: the energy level
diagram of the fluorescent molecules.)
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Fig. 1.6 shows the basic setup for this microscope, which is similar to the confo-

cal setup of the previous section. The inset shows how two photons can be used to

promote a fluorescent molecule to an excited state via a virtual energy level where-

upon it decays by emitting a single photon with approximately half the wavelength

of the original photons. Quantum mechanical calculations show that the rate of this

excitation process is proportional to the the square of the illumination intensity and

so this effect becomes progressively more pronounced at higher intensities. As a

result, only fluorophores in the most intense parts of the focal spot in the specimen

are excited by this process. The emissions that result from this single point in the

specimen are separated out with a dichroic beamsplitter and detected with a pho-

todetector. Images are obtained, in the same way as for the confocal microscope,

by scanning the focal spot laterally in the specimen and recording fluorescence in-

tensities at different points in a two dimensional array. As fluorescence emission is

not generated in the rest of the illumination cone, the detection pinhole is no longer

needed in front of the photodetector to obtain optical sectioning.

10 μm

Figure 1.7: A two photon fluorescence image of a pollen grain.

An example image taken with a two photon microscope is shown in Fig. 1.7. A

similar pollen grain specimen has been used and once again it can be seen that a

good quality image of a single specimen plane has been obtained.
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1.4 Three dimensional imaging

As has been seen in the previous section, optical sectioning eliminates out-of-focus

blur and gives rise to a clean in-focus image of the specimen in the focal plane of the

microscope. The real advantage of such techniques, however, lies in the fact that

they can be used to gather three dimensional information about specimen structure

by simply refocusing the microscope and recording a series of images from different

specimen planes. Computer algorithms can then be used to display the resulting

data set in a number of different formats.

10µm

Figure 1.8: A confocal fluorescence image stack of a single pollen grain. Courtesy of Dr.
R. Juškaitis

A subset of images from a typical confocal image stack is shown in Fig. 1.8,
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where successive images have been acquired from planes separated by 0.7µm in the

specimen. These were obtained and generously donated by Dr. R. Juškaitis. A

particularly simple procedure that can be used to display this data is to sum the

corresponding pixel values of each image together in order to obtain an extended

depth of field image. This is equivalent to projecting the image data along the

optic axis of the microscope onto a single lateral plane. The result of applying this

procedure to the first half of the image stack here is shown in Fig. 1.9, which I did

myself using the ImageJ software from the National Institue of Health website in

the USA. As can be seen, information from a whole range of specimen depths is

displayed simultaneously in a single image and appears to be viewed along the optic

axis, which is along the direction that the data was projected.

Σ

Figure 1.9: Constructing an extended depth of field image.

It is also possible to project the image stack along different directions to obtain

extended depth of field images from different perspectives. Two such projections

along axes separated by 12◦, can be taken to obtain a stereo pair of images. This

is shown in Fig. 1.10 and can be used to gain an impression of the specimen as

if it were a macroscopic, three dimensional object. In nature, observers gain an
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impression of the three dimensional structure of objects as a result of the lateral

separation between their eyes. Each eye views the same object from a slightly

different perspective and the brain can process this information to calculate the

relative distance of different points in the image, leading to a perception of depth.

By arranging for each eye to view a different image in the stereo pair, the observer

can be given a sense of the three dimensional structure of the specimen. In this case

the stereo effect can be viewed directly by focusing each eye onto a different image.

There are, however, more comfortable ways to present such images, for example

using a stereo monitor which overlays the constituent images on the same screen

and separates them in angle so that each eye can only see the image relevant to

itself.

Figure 1.10: A stereo pair of images

More sophisticated computer rendering algorithms have also been developed to

display the three dimensional information acquired in sectioning microscopy. A

striking example of an image that has been generated using such an algorithm is

shown in Fig. 1.11. In this reconstruction, performed by the software package LSM

5 Image Examiner (Zeiss, Germany), voxels with a given signal value have been

linked to obtain an opaque surface so as to better display the object structure.
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Shadowing effects have also been introduced to produce an aesthetically pleasing

result. This process can also be repeated for a number of different perspectives and

movies constructed that give the impression that the user is panning around the

specimen as if observing a macroscopic object.

Figure 1.11: Three dimensional rendering of a typical image stack.

The ability to gather and process three dimensional information about specimen

structure has made the techniques of sectioning microscopy an indispensable tool in

many fields of the biological sciences as well as for optical metrology. The possibility

to extract data from these three dimensional images stacks is of course not limited to

the cases that have been shown here and further algorithms have also been developed

for specific situations.

1.5 Scanning techniques

Initially, systems built to acquire three dimensional image stacks of biological spec-

imens were used on fixed samples which remained stationary during imaging. In

time, it became of interest to apply these techniques to acquire in vivo data from
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live specimens in their natural environment. As a result, it was necessary to develop

systems with high temporal resolution so that multiple image stacks could be ac-

quired to monitor the dynamical behaviour of these specimens in three dimensions.

As has been seen, both the confocal and two photon microscopes analyse a single

point in the specimen at any one time. Acquisition of a three dimensional image

stack then follows by scanning this point of interrogation to measure the response

of the specimen at different points in a three dimensional array. The temporal

resolution of these systems is therefore intimately related to the speed at which this

scanning can be carried out.

In the following sections a synopsis is given of the various scanning methods

that are commonly used in sectioning microscopy and it is shown why, with the

current microscope architecture, the real bottleneck in high speed three dimensional

imaging is in fact imposed by the process of refocusing these systems to image

different specimen planes.

1.5.1 Object scanning in X, Y & Z

Conceptually, the most straight-forward method for acquiring a three dimensional

image stack using a confocal or two photon microscope is to physically translate the

specimen so that different points in a three dimensional array are imaged in turn.

Specifically, this can be done by translating the specimen laterally, in the XY plane

using a raster scan, and then repeating this procedure at different axial positions

along Z.

This is simple enough to do using piezo-electric actuators but the speed at which

the specimen can be moved is severely limited by its mass. Indeed, for some situa-

tions this method may require that the specimen be excised from its host in order

that it may be imaged, which could affect its behaviour considerably. Even so, the

maximum achievable acquisition speeds of a single specimen plane is still limited to
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about thirty seconds for an image with 512× 512 pixels.

Another problem with this approach is that the process of moving the specimen

may introduce agitation, which may also affect the way in which it behaves while

being imaged.

1.5.2 Beam scanning in X & Y, object scanning in Z

As a result of the severe limitations imposed on image acquisition speed by moving

the specimen physically, commercial microscope systems often use a more sophisti-

cated beam scanning approach to scan in the X and Y directions. In practice, this

can be done by using the system shown schematically in Fig. 1.12, which is a slight

variant on the confocal microscope shown previously. In this case, the same pin-

hole is used for illumination and detection. The DBS is placed behind the pinhole

and the photodetector measures the signal in the same way as before from a single

point in the specimen. Beam scanning can be performed in a number of ways and a

popular choice, often adopted in commercial systems, is to use a pair of galvanome-

ter mirrors, mounted at right angles to each other to tip or tilt the incoming and

outgoing wavefronts. As can be seen, a further 4f system of lenses maps the plane

in which the galvanometers lie into the pupil plane of the objective lens so that by

tilting the mirrors the point of interrogation can be scanned laterally in the speci-

men. It is noted that this simple procedure is optically equivalent to displacing the

pinhole laterally, along with all the elements behind it. Using galvanometer mirrors

enables scanning to be carried out at far superior speeds compared with the method

of object scanning.

With currently available technology, it is possible to perform a raster scan to

image a single plane of the specimen at several frames per second. Such methodology

can also be used to scan the focal spot in a two photon microscope.

To acquire a three dimensional image stack, however, it is still necessary to
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pinhole

DBS

LASER

PD

XY

Scanning

Figure 1.12: Beam scanning using galvanometer mirrors.

physically change the distance between the specimen and objective lens in order to

image deeper planes of the specimen. As a result, refocusing speeds are still limited

by the actuators used and specimen agitation along the axial direction may still be

an issue in certain situations.

1.5.3 Parallel acquisition of data points

One of the main limitations in three dimensional image acquisition is the serial

nature by which the data is acquired. This is because the systems presented so far

only measure information from a single point in the specimen at any one time and so

the three dimensional image stack must be constructed serially by measuring each

point in turn. Various methods have been suggested, however, to improve acquisition

speeds by essentially imaging multiple points in the specimen in parallel. Two
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systems that have adopted this principle are the Nipkow disc confocal microscope

and the slit scanning microscope, which are described in the following sections.

The Nipkow disc

b)

a)

c)

A M

CCD

DBS

LASER

Figure 1.13: a) A Nipkow disc based scanning confocal microscope, b) the spiral
array of pinholes on a Nipkow disc and c) the illumination pattern set up by four
pinholes.

The Nipkow disc confocal microscope was originally proposed and demonstrated

by Petran et al. [6]. Recently, various commercial systems have become available

that are based on the Nipkow disc principle. An example of such a system is the

CSU10 (Yokogawa, Japan), which is designed to plug into the camera port of a

conventional microscope and produce confocal images directly on a CCD camera.
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A schematic of this is shown in Fig. 1.13a. It is similar to the standard confocal

microscope except that a pinhole array (A), etched onto a Nipkow disc, now replaces

the single pinhole used previously. The Nipkow disc itself is shown in profile in Fig.

1.13b and it can be seen from this that the pinholes are arranged in a spiral fashion,

circulating outwards from the centre. The rectangular area denotes the field of view.

A carefully aligned array of microlenses (M) is also included in the CSU10 to focus

laser light through each pinhole in the field of view so as to make most efficient use

of the illumination power. The illumination light passing through the Nipkow disc

is then focused into the specimen with the objective lens. Each pinhole sets up an

independent focal spot at the apex of an illumination cone. The pattern produced by

four such pinholes is shown in Fig. 1.13c. Fluorescence emission, which is initiated

throughout the illuminated regions of the specimen, is then collected by the objective

lens and focused back onto the Nipkow disc. In the same way as for the confocal

microscope, each pinhole obscures fluorescence light emitted by fluorophores lying

outside the focal plane and only admits light emanating from its conjugated focal

spot.

The fluorescence signal passed by the different pinholes in the field of view is then

re-imaged onto a CCD camera. In this way, different pixels measure the fluorescent

response from different points in the specimen in parallel. It is worth mentioning

that at any instant in time the majority of CCD pixels will not measure anything due

to the sparsity of the pinhole arrangement. Scanning follows by spinning/rotating

the Nipkow disc and array of microlenses on axis, which causes the pinholes to sweep

across the field of view so that at one time or another all the parts of the specimen

in the focal plane are imaged onto the CCD camera. Integrating the response on

the camera gives rise to a confocal image of a single specimen plane. Acquisition of

a three dimensional image stack then follows by physically moving the specimen, or

equivalently the objective lens, along the axis in order to image different specimen

planes.
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Figure 1.14: The slit scanning microscope

The slit scanning microscope

A further technique for acquiring image data from a number of different specimen

points in parallel is that of slit scanning microscopy. This was first proposed and

developed by Burns et al. [10] and Brakenhoff et al. [11]. The main difference

between this technique and the standard confocal microscope is that a slit aperture

is used in place of the pinhole. A schematic diagram of this system is shown in Fig.

1.14. Here, light from a laser is focused with a cylindrical lens (CL) onto the slit

and the light that passes through is re-imaged into the specimen with an objective

lens. As represented in the figure inset, the illumination pattern set up in this case

is a highly focused line of laser light along the y-direction. Fluorescent emission,

initiated throughout the illumination pattern, is then collected by the same objective

lens and focused back onto the slit. The slit obscures fluorescent light emitted by

fluorophores lying outside the focal plane and only admits light emanating from

the in-focus line. The light passing through the slit is then separated out with a

DBS and re-imaged onto a linear array of photodetectors (LA). In this way, the

fluorescence intensity can be measured along a whole line of points in the specimen

in parallel.

A two dimensional confocal image of the regions of the specimen lying in the focal
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plane can then be constructed by placing a single galvanometer mirror in the pupil

plane of the objective lens and scanning the illumination line along the x-direction

and measuring the response of the linear array at different positions along the scan.

In summary, this technique of parallel data acquisition removes the requirement

to scan along one of the lateral directions. As such, the speed of image acquisition

from a single specimen plane can be improved dramatically and current commercial

systems, such as the LSM 5 LIVE from Zeiss, are capable of achieving frame rates of

120 Hz. It is noted that there is a slight reduction in the axial resolution compared

with the standard confocal microscope. Three dimensional image stacks can once

again be acquired by physically changing the distance between the specimen and

objective lens in order to image different planes in the specimen. This sets the

bottleneck when acquiring three dimensional data stacks as the refocusing speed

cannot compete with image acquisition in each lateral plane.

1.5.4 Beam scanning in Z

So far, we have seen that using the technique of object scanning to acquire three

dimensional image stacks is a slow process due to the speed limitations imposed by

the transducers used. It was then shown that a dramatic improvement in image

acquisition speed can be obtained for a single specimen plane either by using a

remote beam scanning approach or by measuring multiple data points in parallel.

In the case of beam scanning, improvements in lateral scan speed were achieved

by using galvanometer mirrors to displace the lateral position of the focal spot in the

specimen. It was noted that this procedure is optically equivalent to displacing the

confocal pinhole laterally so as to interrogate these different points in the specimen.

It might therefore be considered that improvements in the axial scan speed could

also be achieved by introducing optical elements that displace the effective position

of the pinhole along the axis instead so as to refocus the focal spot to different
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Figure 1.15: a) A typical confocal image using beam scanning and b) The effect of dis-
placing the confocal pinhole axially.

depths in the specimen remotely. Unfortunately, there are fundamental reasons why

this method of refocusing cannot be implemented successfully using this microscope

architecture. An illustration of the problems that arise in such cases is shown in

1.15.

For the purposes of comparison, the first case in this figure shows the image

obtained with a standard confocal microscope using beam scanning to acquire data

from laterally displaced points in the focal place of the objective lens. The second

case shows the image obtained if the confocal pinhole (not shown) is displaced

along the optical axis of the system to refocus the focal spot to higher regions of the

specimen. Here, beam scanning has also been used to displace the focal spot laterally

in order to acquire the image. As can be seen, the process of displacing the pinhole

along the axial direction has indeed refocused the focal spot to a higher region

of the specimen but unfortunately this has been accompanied by a deformation
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in its shape. This deformation, which can be attributed to systematic spherical

aberrations introduced when refocusing this way, causes elongation along the axial

direction as well as broadening in the lateral direction. The resulting image therefore

contains data from a range of depths in the specimen as well as being slightly blurred

in the lateral plane. The overall image intensity is also reduced due to the reduction

in confinement of laser energy in the focal spot. We shall return to this point later

on in this thesis.

A fundamental theorem put forward by Maxwell [12] shows that it is not possible

to design a microscope system with magnification that allows the focal spot to

be scanned in all three dimensions without introducing distortion along at least

one of the axes. Commercial lenses are designed to permit lateral scanning and

therefore introduce distortions for axial scanning. Consequently, the only way to

scan along this direction, using the current microscope architecture is to either

move the specimen or the objective lens.

1.6 Conclusions and overview of thesis

In this introduction we have seen how conventional fluorescence images of three di-

mensional specimens are intrinsically blurred out by fluorescence emitted by regions

of the specimen that do not lie in the focal plane of the microscope. This problem

can be circumvented, however, by using an optical sectioning technique, such as

confocal fluorescence microscopy or two photon fluorescence microscopy, to remove

the out-of-focus contributions and reveal a clean in-focus image of a single specimen

plane. Although optical sectioning was the initial motivation behind the develop-

ment of these systems later on, advances were driven by the need to increase their

temporal resolution so that they could be used in time lapse studies to monitor the

dynamic behaviour of specimens in three dimensions. Various methods have been

developed in order to improve image acquisition speed and in most practical imple-
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mentations, a single in-focus image can be acquired very quickly. However, the real

bottleneck in three-dimensional imaging is the process of refocusing the microscope

to successive image planes. This thesis concerns the acquisition of data from a range

of specimen depths without requiring the specimen to be moved.

In Chapter 2, a modification is proposed and demonstrated for two photon mi-

croscopy that enables data from a whole range of specimen depths to be acquired

simultaneously. A single two dimensional scan can then be used to acquire an

extended depth of field image. This circumvents the need to acquire a full three

dimensional image stack from which such an image must be calculated and hence

dramatically reduces the time needed to acquire such images.

In the remainder of this thesis, a new microscope architecture is presented that

overcomes the problems of spherical aberration while scanning along the axial di-

rection remotely. As a result, this extremely general approach prescribes a method

for designing a microscope system, based on any imaging technique, that can obtain

aberration free images from different specimen depths remotely. Furthermore, this

approach permits a vast improvement in axial scan speeds that can be acquired by

up to two orders of magnitude. In Chapter 3, this new architecture is described and

a theoretical analysis is carried out. In Chapter 4, experimental point spread func-

tion measurements are presented which demonstrate the range of axial depths that

can be accessed using this technique. Finally, in Chapter 5, a number of different

imaging systems are constructed based on the new architecture to demonstrate the

applicability of this technique to a range of sectioning methods.



Chapter 2

Extended depth of field

microscopy using annular

illumination

As we have seen in the introduction chapter, extended depth of field images (Pg.

11) yield useful information about the structure of biological specimens. Using a

two photon microscope, the only way to obtain such an image, up until now, would

have been to acquire a full three dimensional image stack of the specimen and to

process this computationally. We have already noted that the process of acquiring

a three dimensional image stack requires a series of two dimensional images to be

obtained from different planes in the specimen and that the process of refocusing

fundamentally limits the speed at which extended depth of field images can be

acquired. In this chapter we describe a novel method of acquiring extended depth of

field images for two photon microscopy in a single image scan. This obviates the need

to refocus the microscope and a considerable improvement in acquisition speed can

be achieved. A description of this novel approach is given and a theoretical analysis

is carried out. Experimental point spread function measurements are shown as well

as some example images from this system. The combination of two extended depth

24
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of field images, obtained at different parallaxes, is also shown. This allowed the

generation of high resolution two photon stereo image pairs.

2.1 Introduction

One of the most important factors in determining the imaging properties of an

optical microscope is the form of the focused spot of light that probes the specimen

(see Appendices A and B). For instance, we have already seen in the introduction

chapter how spherical aberration deforms the spot detrimentally and degrades image

quality.

Mathematically, the amplitude of the focal spot is described by a three dimen-

sional distribution commonly referred to as the point spread function (PSF). The

ability to tune the form of this PSF by the careful control of the optical field incident

on the objective lens pupil has lead to the field of point spread function engineering

which has resulted in systems being constructed with a wide range of different imag-

ing properties. Specific applications involve attempts at super-resolution [13, 14, 15],

adaptive optics [16], the control of polarization of the focal spot [17, 18, 19], and

the whole field of Meso-Optics (see e.g.[20]).

A particularly simple and intriguing application is to produce an axially extended

PSF without sacrificing lateral resolution. It has long been known that by illuminat-

ing the back aperture of an objective lens with a ring of light, a PSF of considerable

axial extension would result [21, 22, 23]. This effect is shown in Fig. 2.1, where

for the purposes of comparison, the PSF produced with plane wave illumination is

also shown. Scanning the elongated PSF in the lateral direction to acquire a two

dimensional image results in data being recorded from a whole range of specimen

depths simultaneously and leads to the direct acquisition of an extended depth of

field image.

There are a number of ways to produce annular illumination. The simplest is
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Figure 2.1: The focal spot for a) plane wave illumination and b) annular illumination.

to insert a physical annular mask into the pupil plane of the objective lens so as to

permit only a ring of light to be transmitted. This may be thought undesirable since

most of the incident energy is blocked leading to a very poor use of the available

light. An alternative approach uses a conical lens or axicon [20, 24]. Although

this is a light efficient method to produce ring illumination it does, as we shall see

later, have some drawbacks for microscopy applications. In the following, therefore,

we shall discuss the design of a circularly symmetric binary phase-only grating and

show that this may be used to produce ring illumination with high light efficiency

in a manner suitable for use in microscopy.

As an application we shall concentrate on scanning two photon fluorescence

microscopy [9]. We choose this imaging mode since it possesses an inherent optical

sectioning effect due to the non-linear fashion in which the fluorescence is generated.

This in turn implies that it is not possible to image a whole volume specimen without

stitching together a whole through-focus series of images, unless a point spread
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function of considerable axial extent is used. Further the non-linear nature of the

excitation process requires that the available light be used in the most efficient way.

We shall demonstrate that the light efficiency of our binary phase grating is such

that we can generate two-photon extended depth of focus images with ease. We

note that this would not be practical if a physical annular stop was used to produce

the ring illumination. As we will see, our system design is such that we lose less

than 25% of the overall laser power and are able to tune the shape of the PSF to be

essentially flat over more than a 10µm range. A further advantage of our approach

is that by carefully tuning the directions along which our extended depth of focus

images are obtained it is possible to obtain high-resolution two-photon fluorescence

stereo image pairs.

2.2 Theory and system design
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Figure 2.2: Schematic diagram of the optical system.

A schematic of the system that we will use is shown in Fig. 2.2. A Gaussian laser

beam (E ∝ exp (−r2/w2), where r is the radial coordinate and w is the width of the

beam), illuminates an optical element with amplitude transmission function T (r)

placed in the back focal plane of a lens with focal length f . The Fourier transform

of the amplitude which is transmitted, T (r)exp(−r2/w2), appears in the Fourier

plane of the lens. This field, P (R), may be written, due to circular symmetry of our

problem [25] as
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P (R) =

∫ ∞
0

T (r) exp (−r2/w2)J0(
2πrR

λf
)2πrdr, (2.1)

where R represents the radial coordinate in the Fourier plane of the lens, J0 is the

zeroth order Bessel function of the first kind and λ is the wavelength. We position

an objective lens such that its pupil plane is coincident with the Fourier plane of the

first lens so that P (R), Eq. 2.1, becomes the effective pupil function of the objective

lens. In the low numerical aperture (NA) case the field in the focal region of the

objective lens is given by the Fourier transform of the pupil function P (R) however

the situation is slightly more complicated for high NA objectives because substantial

portions of the wavefront are refracted through large angles and the vectorial nature

of light becomes important. Formal expressions for the field produced by a high NA

objective lens have already been evaluated [26] and are derived in Appendix D. For

the case where the illumination is uniform and linearly polarized in the x-direction,

the field is given by

E(r, φ, z) =
πi

λ

 I0 + I2 cos 2φ
I2 sin 2φ
−2iI1 cosφ

 , (2.2)

where the integrals I0, I1 and I2 are defined in our case as

I0 =

∫ α

0

P (θ) cos1/2θ sin θ (1 + cos θ) J0(kr sin θ)e−ikz cos θdθ, (2.3)

I1 =

∫ α

0

P (θ) cos1/2θ sin2 θ J1(kr sin θ)e−ikz cos θdθ, (2.4)

I2 =

∫ α

0

P (θ) cos1/2θ sin θ (1− cos θ) J2(kr sin θ)e−ikz cos θdθ. (2.5)

J1(.) and J2(.) represent first and second order Bessel functions of the first kind

respectively, φ is the azimuthal angle and θ the zenith angle in the focal region. α is

the maximum angle of convergence of the objective lens. P (θ) is the pupil function

evaluated in Eq. 2.1 with the sine condition transformation R = f0 sin θ where f0 is



2.2 Theory and system design 29

the effective focal length of the objective lens.

We note that for the case where the pupil is apodized such that the pupil function

may be described by an infinitely narrow annulus, P (θ) = δ(θ−α), the field becomes

a Bessel beam and the focal intensity is given by:

|E|2 ∝ [1 + cosα]2J2
0 (kr sinα) + [1− cosα]2J2

2 (kr sinα)

+[2 sin2 αJ0(kr sinα)J2(kr sinα) cos 2φ]

+4J2
1 (kr sinα) cos2 φ, (2.6)

which does not vary with axial position z. Indeed in the low aperture limit we

note that this expression results in the familiar |E|2 ∝ J2
0 (kr sinα) Bessel beam.

Although this situation cannot be realized practically, this example demonstrates

that PSF elongation can be achieved as a direct result of annular illumination.

We will now explore various methods for producing annular illumination in a light

efficient manner. It will be shown that by far the most satisfactory of these methods

is to use a binary phase grating. We began by considering an axicon which is a

conical lens which introduces a phase variation that is a linear function of radial

position. There are two varieties of axicon whose profiles are shown in Fig. 2.3,

namely positive and negative ones. These elements can be described by the following

transmission functions:

Tpos(r) = ei2πtr, (2.7)

Tneg(r) = e−i2πtr, (2.8)

where t is the parameter describing the slope of the axicon.

If we use such axicons as the optical elements in the system of Fig. 2.2 then the

effective pupil function P (R) is annular in form and the resulting intensity along the

optical axis (r = 0) in the focal region of the objective is given by |E|2 ∝ |I0|2. Plots

of these results are shown graphically in Fig. 2.3. We note that both the positive
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and negative axicons produce essentially ring illumination which gives rise to the

desired axial elongation. However, since the effective pupil functions are complex -

the phase varies roughly linearly over the region where the intensity is significant –

the distribution is asymmetric about the focal plane.

amplitude
PSF

PSF
amplitude

P(R)

P(R)

phase

phase

π

−π/2
R

R z

z

z
x

x

z0

0
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b) negative axicon

a) positive axicon

Figure 2.3: The pupil function and corresponding intensity profile of the PSF generated
by a) a positive axicon and b) a negative axicon. Parameters - w = 0.5mm, t = 25mm−1,
λ = 750nm, f = 106.66mm, NA = 1.4 oil immersion.

The asymmetry, with respect to the focal plane (z = 0), of both these PSFs

suggests that we might be able to produce an even larger axial extension if we use an

optical element possessing a phase variation equivalent to the superposition of both

a positive and a negative axicon. However, since the pupil function phase produced

by each individual axicon is equal and opposite in magnitude, it is important to be

able to control the relative phase between these elements so that their PSFs combine

constructively in the focal plane of the objective lens. One method by which the

transmission functions of Eqs. 2.7 and 2.8 can be combined and the relative phase

between their contributions controlled is to use a binary, phase only, mask whose

transmission function is shown in Fig. 2.4. Mathematically this can be expressed
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using a Fourier series:

T (r) =
4

π

∞∑
N=0

(−1)N

2N + 1
cos[(2N + 1)(2πtr − β)]

=
4

π

{
cos[2πtr − β]− 1

3
cos[3(2πtr − β)] +

1

5
cos[5(2πtr − β)]...

}
(2.9)

where β is an arbitrary phase offset. The important point to notice is that the

average of this function T (r) is zero and hence there is no zero spatial frequency

term in the Fourier expansion. Physically this means that no light is directed to

the zeroth diffraction order and it is this which accounts for the high throughput

efficiency of our approach.

T(r)

β

+1

-1

r

1/t

Figure 2.4: The phase grating transmission function given in Eq. 2.9

It is apparent that by setting β = 0 the first term in Eq. 2.9 becomes cos[2πtr] =

1
2
[ei2πtr + e−i2πtr] which is equivalent to the superposition of a positive and negative

axicon. This leads to an annular ring whose amplitude is purely real and hence the

resulting PSF, which is the superposition of the individual axicon PSFs, becomes

symmetric about the focal plane. Higher diffraction orders do not contribute due to

the limited aperture of the objective lens. Fortunately these contain far less energy

than the first order as they are represented by less dominant terms in the series. The

overall throughput efficiency of light into the first order is calculated numerically to

be 81.0%.

The effect of choosing a non-zero value of β superposes the two axicons with
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Figure 2.5: The pupil function and corresponding intensity profile of the PSF generated
by the binary phase grating defined in Eq. 2.9 with a) β = 0 and b) β = π/4. (Note
that the phase variations from each axicon cancel out in the pupil plane to produce a pupil
function that is entirely real.)

relative phase shift 2β. This is illustrated in Fig. 2.5 for the cases where β = 0

and β = π/4. In both cases we observe an undesired dip in PSF intensity at the

focal plane. The origin of this dip may be understood from the detailed form of

the annular illumination presented to the pupil of the objective lens. This effective

pupil function is shown in Fig. 2.5 where it is seen that over a significant region

the pupil function is negative. The effect of choosing β = π/4, for instance, is to

produce the desired sharp ring illumination together with two, (undesired) negative

lobes on each side. These negative lobes are in fact the cause of the undesired dip in

intensity in the focal plane and may be removed by introduction of an apodization

mask. Fig. 2.6 shows the pupil plane field for the case of β = π/4 and the effect

of inserting an apodization mask of width 2d on the axial intensity profile as a

function of d. This plot was calculated numerically by inserting the phase grating

transmission function of Eq. 2.9 into Eqs. 2.1 - 2.5. To account for the effect of

the apodization mask, integrals Eq. 2.3 -2.5 where taken between angular limits

corresponding to the edges of the mask. From this plot we can see that reducing

the value of d reduces the central dip in the distribution at the cost of overall PSF
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Figure 2.6: a) An illustration of how the apodization mask truncates the field in the pupil
plane when β = π/4. b) A further 2D illustration of the same apodization mask and
definition of the parameters d and R0 c) The axial intensity profile of the PSF generated
as a function of d/R0 with the optimally flat PSF marked, d) the XZ intensity profile of
the PSF for this optimal case. (N.B. R0 = tλf gives the approximate position of the peak
of the ring.)

length. The specific case where the ripple is reduced to zero (d2I/dz2(0) = 0) is

highlighted on the graph. A further plot of the PSF in the xz plane is shown in

Fig. 2.6d for this optimum case. In practice a larger value than the optimum was

selected for d as it was considered to be of more practical interest to extend the PSF

than to reduce the ripple completely.

Finally we mention the fact that apodizing the pupil function unavoidably blocks

some of the incident light energy and therefore reduces throughput efficiency. A new

calculation however reveals that 77.3% still enters the final PSF from the incident

laser beam. This high efficiency is extremely important when operating in the two

photon fluorescence regime.
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Figure 2.7: Schematic diagram of the experimental arrangement

2.3 Point spread function measurements

Fig. 2.7 shows a schematic of the system used. In all experiments we employed

a Ti:Sapphire laser (Tsunami, Spectra Physics) with a maximum available power

of 630mW, tuned to wavelength 750nm. For two photon imaging, the laser was

operated in a mode-locked regime, which produced pulses of length ∼ 100fs at a

repetition rate of 80MHz. The power could be adjusted externally with a neutral

density filter set. A telescope arrangement (not shown) was also used to adjust

the beam width illuminating the phase grating. This was necessary in order to

match the diffraction pattern produced by the grating to the (fixed) width of the

apodization mask.

The binary phase plate was produced by a two step process. First a chromium-

on-glass photolithographic mask consisting of a set of concentric rings having equal

mark-to-space ratio with spatial frequency of t = 25mm−1 was made using com-

mercially available mask fabrication techniques (JD Phototools, Manchester, UK).

This mask was then used to expose a glass substrate spin-coated with a layer of

photoresist. After this the photoresist from unexposed areas was removed leaving

a clear glass surface. The thickness of the film was chosen to ensure that light
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travelling through areas where the film had been deposited became exactly out of

phase with light travelling through film-free areas for λ = 750nm (equivalent to the

transmission function in Fig. 2.4). The apodization mask was also made using the

same technology but in this case the chromium-on-glass master was used directly.

The elements of the optical train were linked by achromatic doublet lenses. It

is important to note that compared to Fig. 2.2 our experimental setup in Fig. 2.7

included an extra 4f imaging stage. This was for two reasons: first, the pupil plane

of high NA objective lenses is positioned inside the lens body and hence it would

be impossible to physically place the apodization mask in this position. Second,

having an extra imaging stage allowed us certain flexibility in matching objective

lenses with different pupil sizes to the fixed diameter of our annular ring.

The specimens were mounted on a high precision scanning stage (P-611.3S

NanoCube, PI Instruments, Karlsruhe) which provided a scanning range of 100µm

in all three dimensions and could be easily reconfigured between X-Y and X-Z scans.

Signal detection was provided by a large area photomultiplier, which was coupled

to the objective lens via a dichroic beamsplitter.

In order to characterize the imaging properties of our system we began by mea-

suring its illumination PSF. This can be done in a variety of ways but the most

direct is to use a sub-resolution scatterer. This method has the added advantage of

producing data with a very good signal-to-noise ratio and hence is capable of reveal-

ing fine details in the shape and orientation of the PSF which helps with aligning

the illumination optics.

We chose to use colloidal gold particles (British BioCell International) of nominal

diameter 100nm, which have been shown previously to be a good approximation to

dipole scatterers [27]. The assumption of dipole scattering permits us to write an ex-

pression for the image formed in our system (essentially a conventional microscope)
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as [27]:

I(r, φ, z) = (|I0|2 + (I0I
∗
2 + I∗0I2) cos 2φ+ |I2|2)(f0 + f2) + 16|I1|2f1 cos2 φ, (2.10)

where I0, I1 and I2, are once again given in Eqs. 2.3-2.5. This expression again

assumes that the input illumination is linearly polarized in the pupil plane along

the x-direction. The constants f0, f1 and f2 are related to the detection efficiency

for the scattered light assuming that light is collected over the the full extent of the

objective aperture. Expressions for these are given by [27]:

f0 =

∫ α

0

(1 + cos θ)2 sin θ cos1/2θ dθ, (2.11)

f1 =

∫ α

0

sin2 θ cos1/2θ dθ, (2.12)

f2 =

∫ α

0

(1− cos θ)2 sin θ cos1/2θ dθ, (2.13)

where α is the maximum angle of convergence of the objective lens used. Fig. 2.8

shows numerical simulations of the images generated by scanning a gold bead in

the XY and XZ planes using a 1.4NA 63X Zeiss oil immersion objective lens with

the following (experimental) parameters - w = 0.8mm, t = 25mm−1, λ = 750nm,

R0 = 3.33mm (as measured in the objective pupil plane), d/R0 = 0.05.

The sample for this experiment was made by diluting a suspension of gold beads,

drying a drop of this solution onto a coverslip and then mounting it with immersion

oil onto a microscope slide. The image of one such gold bead taken with our system is

also shown in Fig. 2.8 and exhibits a pleasing match with the theoretical simulations

shown on the same figure.

We then proceeded to measure the two-photon fluorescence PSF directly by

using fluorescent polymer beads rather than gold beads. Since the overall PSF is

the square of the illumination PSF we can see from Fig. 2.8, which is effectively the

illumination PSF, that the relatively small dip in the middle of the figure will be
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Figure 2.8: Numerical simulations (top) and the corresponding experimental images (bot-
tom) generated by scanning a sub-resolution gold bead in the XY and XZ planes in reflec-
tion mode using annular illumination. See text for parameters used.

further emphasized when squared. We were therefore compelled to chose a different

set of illumination parameters corresponding to less aggressive depth extension in

order to flatten the resulting PSF.

If we assume that the sub-resolution fluorescent object emits fluorescence radia-

tion isotropically at a rate proportional to the square of the illumination intensity

then we may write the image intensity as:

I(r, φ, z) ∝
{
|I0 + I2 cos 2φ|2 + |I2 sin 2φ|2 + |2I1 cosφ|2

}2
, (2.14)

where I0, I1 and I2, are once again given by Eqs. 2.3-2.5. Using the set of parameters

w = 0.5mm, t = 25mm−1, λ = 750nm, R0 = 3.33mm, d/R0 = 0.05, NA = 1.4 oil

immersion we arrived at the numerical simulation shown in Fig. 2.9.

Our sample for this experiment was a fluorescent polymer bead (Molecular

Probes Fluosphere 505/515 dia ≈ 200nm). When imaging this sample a dichroic

beam-splitter and band pass filter were used in the detection path to separate out

the two photon fluorescence signal from miscellaneous reflections of the laser beam.

An example image of one such polymer bead is shown in Fig. 2.9, again in corre-
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Figure 2.9: Numerical simulations (top) and the corresponding experimental images (bot-
tom) generated by scanning a sub-resolution fluorescent polymer bead in the XY and XZ
planes in two-photon fluorescence mode using annular illumination. See text for parame-
ters used.

spondence with the theoretical plot.

It is worth noting that despite the fact that the bead size has increased by a factor

of two (and thus the number of available fluorescent molecules by a factor of eight)

as compared to the 100nm beads we used before, the signal-to-noise ratio in Fig.

2.9 is still significantly worse than that in Fig. 2.8. This signal-to-noise was further

compromised by the fact that the imaging of the beads was accompanied by severe

photobleaching and hence no averaging was possible. This in our opinion makes the

scatter method far more reliable and accurate for probing imaging properties of the

two-photon microscope.

2.4 Imaging

We now show examples of images taken using the extended depth of focus PSF

generated with the binary phase grating and apodization mask. Our test specimen

was the pollen grain shown in the introduction from the Asteraceae family that is

found in a commercial sample (Carolina w.m. 30- 4264 (B690)). This specimen, with
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a diameter of ≈ 20µm, was of particular interest to us because of its micro-spikes.

These are useful for demonstrating the lateral resolution of our system.

For comparison purposes, we modified our system to enable us to acquire stan-

dard, non extended depth, two-photon fluorescence images. This was done by re-

moving all the masks from the path and expanding the beam to fill the back aperture

of the objective lens. An image of our test specimen taken with a single XY scan is

shown in Fig. 2.10a and this clearly demonstrates the sectioning capability of two

photon systems due to the restricted axial extent of the PSF.

5µm5µm

Figure 2.10: a) A typical two photon fluorescence image of a pollen grain exhibiting
sectioning. b) A typical extended depth of focus two photon fluorescence image of a pollen
grain taken in a single scan. Line averaging was used to improve the SNR whereby each
line in the image was measured four times and averaged to produce the final result.

Returning to the setup in Fig. 2.7, an image of a similar pollen grain was

acquired with a single frame scan in about 45 seconds. This image, which is shown

in Fig. 2.10b, clearly demonstrates the effect of our extended depth of focus PSF.

In this case it is clear that information from a whole range of depths is presented

simultaneously. This is equivalent to constructing an image using the procedure

shown in Fig. 1.9, on Pg. 11, where a number of scans from the normal two photon

microscope and superimposed on top of each other. Furthermore, it can be seen

that the lateral resolution has in no way been compromised in this image.
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2.5 Stereo Imaging

Finally, we demonstrate a further application of our extended depth of focus PSF

to high resolution two photon stereoscopic microscopy. In a conventional stereo

microscope each eye views the object through a slightly different angle [28]. As

mentioned in the introduction, this results in a lateral separation of the left- and

right-hand images of each object point, the magnitude of which depends on the

axial distance from the focal plane. In this way the observer gains a sense of depth

perception in an image.

f

a) b)∆

δ

γ γ+δ

obj

Figure 2.11: Laterally shifting the annular pupil function results in a change of parallax
angle for the extended PSF. This is shown geometrically in a) and a closeup of the focal
region is shown in b)

It is clear from Fig. 2.10b that images taken with our system appear to be viewed

along one particular direction. This direction is in fact defined by the orientation of

the PSF and by changing this orientation we can change the effective viewpoint. Fig.

2.11 shows how we can change the PSF orientation by introducing a lateral shift to

the annular illumination. An example is shown in Fig. 2.12 where two images were

taken with the PSF oriented at ±6◦ to produce a high resolution stereoscopic image

pair. The lateral shift, ∆, of the annulus may be written in terms of the parallax

angle, δ, from geometric considerations as

∆ = δf0 cos γ (2.15)

where γ is the angle of convergence to the focal point when the ring illumination is
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centred on the objective lens pupil.

Figure 2.12: A stereoscopic image pair taken with an extended depth of focus PSF in two
photon fluorescence mode. Line averaging was used to improve the SNR in each.

We would like to emphasize that the extended depth of focus imaging and the

ability to produce high resolution stereo images are intrinsically linked to each other.

Stereo imaging relies on the parallax effect, i.e. apparent lateral shift of the parts

of the object that are outside the focal plane when the point of view is changed.

Unless one has access to extended depth of focus imaging those out of focus features

would be either blurred (as in conventional microscopy) or not visible at all (in the

case of confocal or two photon microscopy). Extended depth of focus is therefore a

necessary prerequisite for high-resolution parallax based stereo microscopy.

2.6 Conclusion

In this chapter we have described the use of a binary phase-only grating to produce

a ring-shaped distribution of light as an intermediate step in the production of high

NA Bessel beams for scanning microscopy. We have shown theoretically that this

simple and relatively inexpensive diffractive element was able to produce the required

beam with efficiency exceeding 75%. This enabled us for the first time to obtain two

photon fluorescence images with a depth of field extended by more than an order of
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magnitude. Moreover, we introduced a further step of spatial filtering in the Fourier

plane of the mask which enabled us to fine tune the axial profile of the illumination

PSF and thus achieve a near constant image intensity throughout the depth of field.

It has to be emphasized that all these enhancements in depth of field were achieved

without compromising the lateral resolution of the microscope. The potential scope

of application of this method was further broadened by demonstrating a stereo

imaging capability. This was achieved by obtaining a pair of extended depth of field

images from different viewing parallaxes by employing tilted PSFs.

Although the images presented in this chapter were acquired by physically scan-

ning the object in the lateral plane, it would also have been possible to achieve

the same results with a beam scanning approach using galvanometer mirrors, as

described in the introduction on Pg. 15. In this way, acquiring an extended depth

of field image of the specimen could be carried out at the same speed as recording

an image from a single specimen plane with a standard two photon microscope. As

such, this technique could find application in situations where it is of interest to

survey large volume structures quickly using extended depth of field imaging.



Chapter 3

Remote focusing in microscopy

In this chapter, a fundamentally new method of optical refocusing is described that

can be generally applied to any microscope imaging system. This method in prin-

ciple overcomes the spherical aberration that is common to other optical refocusing

techniques and is therefore particularly relevant for confocal and multiphoton mi-

croscopy systems. As refocusing is implemented remotely from the specimen, this

method enables high axial scan speeds without mechanical interference between the

objective lens and the specimen. A full theoretical analysis is carried out and pre-

dictions for the range of operation are made.

3.1 Introduction

As we have already said, a common requirement in high-resolution optical mi-

croscopy is to obtain a three-dimensional representation of the object under in-

vestigation. This is typically achieved via an intermediate step using an optical

sectioning technique, such as confocal microscopy [3], to obtain a clean in-focus im-

age of a single plane within the sample. This process is repeated a number of times

at different focal settings and gradually a full three dimensional data set containing

information about the whole object is gathered. In most practical implementations

43
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a single in-focus image can be acquired very quickly. However, the real bottleneck

in three dimensional data acquisition is the process of refocusing the microscope to

successive image planes. High-resolution microscope objective lenses are designed

to provide aberration free images from a unique focal plane. There are fundamen-

tal optical reasons, which we will discuss, why it is not possible to achieve decent

imaging at different image conjugates in high-aperture microscopy as opposed to,

say, photographic cameras where such imaging is routine. Therefore the only vi-

able solution in microscopy, up until now, has been to keep the imaging plane fixed

and to change the distance between the object and imaging lens mechanically. At-

tempts have been made to improve the speed at which this can be done by using

piezoelectric elements [29, 30] however this speed is still limited by the fact that

the imaging lenses and/or the specimen are relatively heavy. These methods can

also suffer from additional disadvantages, such as specimen agitation, which make

imaging of delicate samples, such as live cell cultures, very difficult.

An alternative focusing method that does not involve mechanical movements

near the specimen is clearly preferable. Attempts have also been made to do the

refocusing remotely using vari-focus lenses [31], micro electromechanical mirrors [32]

and acousto-optics modulators [33] but all suffer from aberrations introduced by the

focusing elements. It has also been suggested that deformable mirrors could be used

to correct the aberrations in conjunction with one of these focusing methods, but

this introduces an extra unnecessary level of complexity to the system.

In this chapter we will review, from a theoretical standpoint, the problems as-

sociated with refocusing in high numerical aperture (NA) microscopy. We will then

investigate an optical method [34], that circumvents many of these problems and

enables refocusing to be carried out remotely without the introduction of systematic

aberration, and analyze the range of operation.
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3.2 Imaging in three dimensions

In what follows we shall confine ourselves to the class of optical systems that are

rotationally symmetric about the optic axis and so it is possible to restrict our

analysis to the meridional plane without loss of generality. A concept that is useful

when considering optical instruments is that of a perfect imaging system. Such a

system is one that can form a stigmatic image of any point from a three dimensional

domain or equivalently forces all rays emanating from a single point in object space

to re-converge at a single point in image space.
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Figure 3.1: Imaging four point sources in the meridional plane using a) a perfect imaging
system, b) a system obeying the sine condition and c) a system obeying the Herschel
condition.

Such a system is shown in Fig. 3.1a where the object and image spaces are

immersed in media of refractive indices n1 and n2 respectively. A single ray is

shown emanating from the origin of object space with angle γ1 together with the

conjugate ray that it is mapped onto, which travels through the origin of image

space with angle γ2. We show how four point sources placed at different locations

in the meridional plane are imaged by this system and further show explicitly how
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the rays converge for one of the off-axis points. The angular spectrum of rays that

emerges in the region beyond the image space is identical to that produced by the

original object within the angular passband of the system.

The requirement of perfect three dimensional imaging imposes quite a constraint

on the design parameters of such a system and it has already been shown by Maxwell

in 1858 [12] that the magnification M must necessarily be the same along all direc-

tions and have a magnitude of

|M | = n1

n2

, (3.1)

which for many situations is close to unity as n1 and n2 often have similar values.

It can be shown [23] that this requirement also implies that all conjugate rays must

propagate with the same angle with respect to the optic axis, i.e.:

γ2 = ±γ1. (3.2)

An important corollary of this is that any system introducing a magnification differ-

ent from Eq. 3.1 cannot produce a perfect image. Such is the case in microscopy, for

instance, where systems are designed to grossly magnify the object under investiga-

tion and consequently there is a breakdown of perfect three dimensional imaging.

For cases where the object is of small linear dimensions, however, it is still possible

to maintain perfect imaging for a subset of points in object space and there are two

well known design conditions. These are the sine condition, which enables points in

a plane, perpendicular to the optic axis, to be imaged perfectly, and the Herschel

condition which allows points along the axis to be imaged perfectly [23]. It is often

necessary to chose between these two conditions according to the application.

Most microscopes are designed according to the sine condition, and in Fig. 3.1b

we show how such a system behaves when imaging the same array of point sources.

Here we see that points lying in a unique plane, shown as a dashed line in object
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space, are imaged stigmatically in image space with a lateral magnification of Ml

whereas points displaced axially form non-stigmatic images. The paraxial rays still

converge, however, with an axial magnification of M2
l n1/n2, whereas the rays trav-

eling at higher angles tend to focus to points closer to the focal plane. This effect is

commonly referred to as spherical aberration and gets progressively worse for larger

axial displacements. The sine condition also imposes a different transformation be-

tween the conjugate rays, as shown, which is described by the following equation

[23]:

sin γ2 =
n1

n2

sin γ1

Ml

. (3.3)

From these considerations it is possible to see why commercial microscopes,

operating under the sine condition refocus by changing the distance between the

specimen and objective, as any attempt to detect images away from the optimal

image plane will lead to a degradation of image quality by spherical aberration.

In Fig. 3.1c we show how a system obeying the Herschel condition behaves when

imaging the array of point sources. In direct contrast with the sine condition, points

lying along the optical axis are now imaged perfectly in the image space with an axial

magnification of Ma whereas laterally displaced points are not. The transformation

between conjugate rays in this case is given by [23]:

sin2 (γ2/2) =
n1

n2

sin2 (γ1/2)

Ma

. (3.4)

For the specific case where a system is designed to obey the sine condition with a

lateral magnification of Ml = n1/n2 Eq. 3.3 reduces to Eq. 3.2 and perfect imaging

then follows for the whole three dimensional domain. In the same way, a system

designed to obey the Herschel condition with an axial magnification of Ma = n1/n2

also permits perfect imaging with Eq. 3.4 once more reducing to Eq. 3.2.



3.3 The general pupil funcion 48

3.3 The general pupil funcion
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Figure 3.2: A mathematical model used for high NA objective lenses.

We now take a closer look at the specific geometry of a high NA microscope

objective which can be modelled as a pair of principal surfaces that are spherical

and planar in shape as shown in Fig. 3.2 [23, 35]. A point source, placed at the

origin of object space, emits a spherical wave which, upon crossing the principal

sphere, is transformed into a plane wave in the pupil. In a microscope, such a lens

if used in conjunction with a low NA tube lens (not shown) which then focuses this

plane wave stigmatically to a point in image space.

A point placed at some different location, r = (x, y, z), also emits a spherical

wave but in this case different parts of the wavefront cross the principal sphere

at different times producing a more complex phase profile in the pupil plane. We

denote a general point on the principal sphere with vector f , which has a magnitude

of f , and draw a second vector w from the point source to this same point. The

relative path length difference between these rays is given by:

PD = |w| − f = |f − r| − f =
{
f 2 − 2f · r + r2

}1/2 − f, (3.5)

where r is the magnitude of the source displacement. We can develop this further by
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writing each component of f in spherical polar form, f = f(sin θ cosφ, sin θ sinφ, cos θ):

PD = f

{
1− 2

f
(x sin θ cosφ+ y sin θ sinφ+ z cos θ) +

r2

f 2

}1/2

− f. (3.6)

Expanding this to first order, assuming r � f , gives:

PD ≈ −f · r
f

= − (x sin θ cosφ+ y sin θ sinφ+ z cos θ) , (3.7)

which, interestingly, does not depend on f . The phase profile in the pupil plane

can be found by invoking the sine condition which maps rays between the principal

surfaces whilst preserving their distance from the optic axis:

sin θ = ρ sinα. (3.8)

In this expression α is the semi-aperture acceptance angle of the lens and ρ is the

normalized pupil radius. Applying this transformation and multiplying the result

by the vacuum wavenumber k leads to an expression for the phase profile in the

pupil plane as function of the point source position:

Ψ(ρ, φ; r) ≈ nk sinα
{
xρ cosφ+ yρ sinφ+ z

√
cosec2α− ρ2

}
, (3.9)

where a refractive index of n has been included to account for the case where the

focal region is surrounded by an immersion medium and φ, which was previously

the azimuthal angle in object space becomes the azimuthal angle in the pupil plane.

There are a number of conclusions that can be drawn from the form of this

pupil function. First, it can be seen that lateral displacements of the point source

produce plane waves in the pupil with an amount of tip (ρ cosφ) or tilt (ρ sinφ).

These flat waveforms, which are a direct result of the sine condition, are then focused

stigmatically by the tube lens to laterally displaced points in image space. Second,
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we see that axial displacement leads to a curved phase profile which can be expanded

in powers of ρ to give:

znk

√
1− ρ2 sin2 α = znk

{
1− ρ2 sin2 α

2
+
ρ4 sin4 α

8
+ ...

}
, (3.10)

which may be thought of as the phase profile for high NA defocus. Focusing us-

ing the tube lens is accurately described by the quadratic term, as it operates in

the paraxial regime. Unfortunately the higher order terms which represent spher-

ical aberrations cannot be focused by the tube lens and consequently there is a

breakdown of stigmatic imaging for these points.

If, on the other hand, the objective had been designed to satisfy the Herschel

condition, to give perfect axial imaging, the mapping of Eq. 3.8 would be replaced

by:

sin (θ/2) = ρ sin (α/2) , (3.11)

and the corresponding phase function becomes:

Ψ(ρ, φ; r) ≈ 2nk sin2 (α/2)

{
(xρ cosφ+ yρ sinφ)

√
cosec2(α/2)− ρ2 + z

(
cosec2(α/2)

2
− ρ2

)}
,

(3.12)

where we notice that the defocus term is accurately described by a quadratic

and so results in a perfect axial focus. Lateral displacements, however, result in a

curved phase profile which cannot be focused stigmatically.

A particularly interesting property of the pupil functions derived here is the odd

parity that they possess which can be formally stated as:

Ψ(ρ, φ;−r) = −Ψ(ρ, φ; r). (3.13)

This is simply the statement that a point source placed at r produces an equal and
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Figure 3.3: Demonstration of odd parity pupil functions

opposite phase distribution to a source placed at −r as can be seen in Fig. 3.3.

This odd parity condition is the direct result of the form of Eq. 3.7 and is therefore

applicable to the sine condition, Herschel condition and other transformations such

as the uniform projection condition and Helmholtz condition.

Due to the reciprocal nature of ray optics we also note that if a wavefront could be

generated at the pupil plane with the same form as that in Eq. 3.9 but travelling into

the lens then there would be stigmatic convergence of all rays to a single point. Such

wavefronts could be manufactured with a deformable mirror. However, a simpler

method can be inferred by considering the situation in Fig. 3.3. If the orientation of

the second lens were reversed and the pupil function from the first lens was imaged

into the pupil plane of the second lens then the wavefront would be of exactly the

right form to cause convergence to a single point. This applies for all positions

of the initial point source in three dimensions as long as r � f and is the direct

consequence of the odd parity condition.

3.4 A technique for remote focusing

We now suggest a strategy that allows refocusing to be carried out without moving

the object under examination. In essence, this strategy involves constructing a

perfect imaging system which replicates the three dimensional distribution of object
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space in the focal region of a second high NA objective lens with a magnification of

n1/n2, as just described, and then uses a further microscope to image this replica.

Refocusing is then carried out by moving the microscope with respect to the replica,

which can be done without introducing any movements near the object itself.
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M 2M
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z z
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Figure 3.4: Perfect imaging system.

The first stage is shown in Fig. 3.4 and comprises two objective lenses back-

to-back with a 4f imaging stage mapping the pupil planes together. In general the

objective lenses L1 and L2 need not be identical and may operate with different

immersion media - n1 and n2 respectively. For the practical case of objectives

obeying the sine condition, we can write down the phase profile generated in the

pupil plane of this system for a point source located at the position (x, y, z) in the

focal region of L1:

Ψ1(ρ1, φ) = kn1 sinα1

(
xρ1 cosφ+ yρ1 sinφ+ z

√
cosec2α1 − ρ2

1

)
. (3.14)

It is also possible to write down the phase profile required to focus all the rays

stigmatically to a point located at (n1/n2)× (x, y, z) in the focal region of L2:

Ψ2(ρ2, φ) = kn2 sinα2
n1

n2

(
xρ2 cosφ+ yρ2 sinφ+ z

√
cosec2α2 − ρ2

2

)
, (3.15)

where the coordinate system is defined in the diagram. If the 4f system mapping

the pupil planes together has magnification:

M =
ρ2

ρ1

=
sinα1

sinα2

(3.16)
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then it can be seen that the two phase profiles become identical and the point source

is stigmatically imaged in the focal region of L2. As a result, the system images a

three dimensional region of object space with an isotropic magnification factor of

n1/n2, consistent with the requirements of a perfect imaging system (Eq. 3.1 on Pg.

46).

The design of the perfect imaging system can also be understood by considering

the system as two separate microscope systems back-to-back such that the first

magnifies the object by a factor M1 and the second demagnifies by M2. In this

situation both the lateral and axial magnifications of microscope combination yield

the same value of n1/n2, as required for perfect imaging of the three dimensional

domain. In effect the spherical aberration introduced by the first system is directly

compensated by that introduced by the second. Care must be taken, however, when

constructing the system in this way to ensure that the tube lenses form a 4f imaging

system linking the pupil planes.

We also note that rays from the object space are mapped onto conjugate rays

with the same angle in image space, in accordance with Eq. 3.2 (Pg. 46). As such it

is possible to see that the limiting angular aperture in the system γmax will essentially

limit the overall resolution of the instrument. The numerical aperture of the whole

system can therefore be evaluated by projecting this angle back into the object space

to find NA = n1 sin γmax. This implies that as long as the second objective has a

higher angular aperture than the first it will not restrict the resolution, a situation

that is easily realized when using say, a 1.4NA oil immersion lens and a 0.95NA dry

lens as L1 and L2 respectively.

Having produced a three dimensional replica of the object we could now mag-

nify and image planes of this replica using a third microscope system, which might

also comprise a high NA objective lens (L3) and tube lens, as shown in Fig. 3.5a.

Refocusing is carried out by moving L3 axially so that different planes of the inter-

mediate image space are imaged without spherical aberration. As a result, we have
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Figure 3.5: Two systems comprising a perfect imaging system and a further microscope
for magnification.

constructed a system where refocusing can be carried out remotely, without moving

the specimen or objective and without introducing spherical aberration.

We also present a second system that enables superior axial scan speeds while

refocusing. This is shown in Fig. 3.5b and is optically identical to the system already

discussed. In this arrangement a plane mirror reflects the rays from the intermediate

image space back into L2 and a beam splitter is further used to direct these towards

the final tube lens and image plane. L2 is therefore used twice: once, as part of the

perfect imaging system, to cancel the aberrations introduced by L1 and once as part

of the third microscope. By moving the mirror, it is possible to change which plane

of the object is imaged perfectly at the image plane without spherical aberration. As

the distribution in the intermediate image space has roughly the same dimensions as

the object itself the mirror can be very small and can therefore be scanned quickly,

providing faster refocusing speeds than were possible by moving L3 in the previous

arrangement.
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3.5 Range of operation

In constructing the perfect imaging system shown in Fig. 3.4, we have assumed

that both objective lenses conform strictly to the sine condition. It has been shown

that a point source placed at some arbitrary position in the focal region of L1 will

form a stigmatic image in the focal region of L2 if the phase profile generated in

the pupil plane of the system is described by Eq. 3.9. It is important to note,

however, that this phase profile is only the lowest order contribution arising from

the expansion of the more general expression in Eq. 3.6, on Pg. 49. As such, it is

a good approximation when considering small displacements from focus however a

full description must incorporate the higher order terms of the expansion too. These

higher order terms lead to a degradation of stigmatic convergence and hence to a

breakdown of the perfect imaging. In this section we therefore establish the axial

range over which perfect imaging occurs.

For the purposes of simplicity, we consider the case where both objective lenses

are identical and their pupil planes are mapped together with a 4f imaging system

with unit magnification. In the first approximation we found that a point source

located at a distance z along the axis from the focus of L1 forms a conjugate image

point a distance z along the axis from the focus of L2. A general ray travelling

between these two points crosses the pupil plane at position (ρ, φ) and carries a

phase due to its relative path length during propagation. It is possible to find the

relative phase of each ray travelling between these conjugate points by summing the

individual contributions introduced by each objective, as defined in Eq. 3.6:

∆Ψ = nkf

[
2−

{
1− 2z

f
(1− ρ2 sin2 α)1/2 +

z2

f 2

}1/2

−
{

1 +
2z

f
(1− ρ2 sin2 α)1/2 +

z2

f 2

}1/2
]

(3.17)

If the path length difference between the point source and conjugate image point

is the same for all rays then stigmatic imaging follows, which equivalently requires
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this expression to be constant across the pupil plane. This is the case for small

displacements, as the first order terms in the binomial expansion of each contribution

cancel, forcing ∆Ψ to be zero across the pupil. For larger displacements, though,

higher order terms in the expansion will have a contributory effect. Expanding Eq.

3.17 to find the term in z2 yields:

∆Ψ = −nkρ
2 sin2 α

f
z2. (3.18)

In effect, this residual phase profile describes the deviation of the wavefront in the

pupil plane from the one required to produce perfect imaging of a point source at

position z in the focal region of L1. This deviation causes non-stigmatic convergence

of the rays in the focal region of L2.

A useful way of characterizing the degradation of stigmatic imaging is to calculate

the Strehl ratio, which is defined as the ratio of the peak intensity of the focal spot

produced when the point source is at position z compared with that produced when

it is in focus. This can be calculated from the knowledge of the residual aberration

in Eq. 3.18, but first it is necessary to identify the components of this function that

are responsible for the reduction in the peak intensity. To do this, we expand the

function in terms of a linear set of orthonormal basis modes, Ψn:

∆Ψ =
∑
n

anΨn, (3.19)

where each mode corresponds to a different fundamental aberration with a mag-

nitude that is characterized by coefficient an. It is important to choose a suitable

set of basis modes that is appropriate for use with high NA lenses and methods

for deriving these have been described by Sheppard [36]. In general, each mode in

this expansion can potentially degrade the peak intensity of the focal spot formed

except for the modes describing piston and defocus which are given by the following
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equations:

Ψp = 1,

Ψd = nk(1− ρ2 sin2 α)1/2 − 2nk

3 sin2 α
(1− cos3 α). (3.20)

As can be seen, piston (Ψp) is associated with a constant phase offset across the

pupil whereas defocus (Ψd) has a more complicated form which can be inferred from

Eq. 3.10 on Pg. 50 as [nk(1 − ρ2 sin2 α)1/2]. A constant offset has been added to

the latter to ensure that its average value over the pupil is zero. As a result, these

modes are orthogonal and the coefficient of piston, which we denote as a, adds a

constant phase to all rays whereas the coefficient of defocus, which we denote as

δz, can be interpreted as an additional axial shift of the final image point in the

focal region of L2. We note that these modes are not normalized. The coefficients

a and δz can therefore be evaluated for the residual phase profile in Eq. 3.18 using

standard techniques:

a =

∫
∆ΨΨpρdρ∫
(Ψp)2ρdρ

= −nkz
2 sin2 α

2f
,

δz =

∫
∆ΨΨdρdρ∫
(Ψd)2ρdρ

=
12z2 cos2(α

2
)(3 + 6 cosα + cos 2α)

5f(3 + 8 cosα + cos 2α)
(3.21)

From these results it is possible to remove the contributions of piston and defo-

cus from the residual phase profile so as to isolate the components of the function

responsible for the reduction in peak intensity of the focal spot formed:

∆Ψ′ = ∆Ψ− aΨp − δzΨd, (3.22)

We can now use this to evaluate the Strehl ratio of the system for different loca-

tions of the point source along the axis. The Strehl ratio is given by the following
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mathematical expression [37]:

S =

∣∣∣∣ 1π
∫ ∫

exp (j∆Ψ′)ρdρdφ

∣∣∣∣2 ≈ 1− 1

π

∫ ∫
(∆Ψ′)2ρdρdφ, (3.23)

where integration is over pupil plane and the approximation is valid for Strehl ratios

down to a value of 0.8. Inserting ∆Ψ′ from Eq. 3.22 into this expression and

performing the integration then yields an analytic result for the Strehl ratio:

S = 1−
4n2k2z4(3 + 16 cosα + cos 2α) sin8 (α

2
)

75f 2(3 + 8 cosα + cos 2α)
(3.24)

This function is plotted in Fig. 3.6a for the case of a 60X 1.4NA oil immersion

objective, which has a value of f = 4.55mm, and for a wavelength of 633nm. We

see from this that the Strehl ratio is greater than 0.8 for up to ±70µm of point

source displacement. Also plotted in Fig. 3.6b is the coefficient of defocus, δz,

0 20 40 60 80

0.2

0.4

0.6

0.8

1.0

z(μm)

δz(μm)

a) Strehl ratio

S

b) coefficient of defocus

2.0

1.5

1.0

0.5

0 20 40 60 80

z(μm)

Figure 3.6: a) The Strehl ratio and b) the coefficient of defocus as a function of point
source position for the system shown in Fig. 3.4.

for different point source positions. This plot shows us that the image point will

be slightly displaced along the axis compared with the prediction of the first order

theory. Both these functions are even in z and are therefore symmetric about the

origin.

As a final comment we point out that further extension of the range over which

the system will operate can be realized if these residual aberrations where further
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corrected for by a deformable mirror although this would increase the complexity of

the system.

3.6 Conclusions

Specimen

Image
plane

Image
plane

Focal plane

a)

b)

M

Specimen

Effective
Focal plane

Figure 3.7: a) The standard microscope architecture and b) the new microscope
architecture proposed in this chapter.

In this chapter, we have shown that the standard microscope architecture, as

shown in Fig. 3.7a, only provides aberration-free images of a unique focal plane in

the specimen. As a result, this system cannot be refocused to image other planes

of the specimen by simply displacing the image plane along the axis as this process

introduces spherical aberration, which degrades image quality. Furthermore, we

have shown that this spherical aberration cannot be avoided due to fundamental

limitations imposed on lens design. As a result, the only way to gather aberration-

free images from different specimen depths, up until now, has been to keep the

imaging plane fixed and to change the physical distance between the specimen and

imaging lens mechanically.
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An alternative microscope architecture, however, can be used to circumvent the

problems of spherical aberration and permit refocusing to be carried out remotely.

This fundamentally new approach is shown in Fig. 3.7b. The key difference here is

that aberration-free images appear on the image plane from an effective focal plane

in the specimen that can be changed by moving a small mirror M. In essence, this

technique uses a second high NA objective lens to cancel the spherical aberrations

introduced by the imaging objective and hence restores diffraction limited perfor-

mance for different planes of the specimen. A theoretical analysis revealed that this

technique permits refocusing to be carried out over a large range of specimen depths

if the objective lenses conform strictly to the sine condition.

This approach, of course, is extremely general and can form the basis of any

imaging system that was previously based on the standard microscope architecture.

As a result, this method applies to a wide range of sectioning techniques such as

confocal, two-photon, second- and third-harmonic generation and structured illumi-

nation microscopies as well as non sectioning systems.

Arguably, one of the most important advantages of this approach lies in the fact

that refocusing is carried out by displacing a small mirror along the axis. Conse-

quently, the speed at which this can be done is no longer limited by the mass of the

specimen or imaging objective. Currently available technology permits axial scan-

ning to be carried out over the full range of operation of the 1.4NA 60X objective

lens at speeds of up to 1 kHz. This represents a remarkable improvement compared

with previously achievable scan speeds which were limited to a few tens of Hz.

Another important advantage that results from this all-optical method of remote

focusing is the fact that no mechanical movements are introduced near the specimen

during the acquisition of three dimensional image stacks. This circumvents all prob-

lems associated with specimen agitation and permits imaging of specimens such as

live cell cultures to be carried out more easily.

In the following chapters, experimental PSF measurements will be presented that
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demonstrate the imaging performance of this new system and a range of imaging

systems based on this new architecture will be shown.



Chapter 4

Point spread function

measurements

In order to characterize the imaging properties of the new microscope architecture

described in the previous chapter we measured the detection point spread function

(PSF) of the system for a number of different focal settings. For the purposes of

comparison, we also measured the detection PSF of a standard microscope architec-

ture.

4.1 Measuring the PSF

In this section, we describe a suitable method that can be used to measure the

detection PSFs for the two microscope architectures. Fig. 4.1a shows a standard

microscope configuration comprising a high NA objective lens and tube lens. A

pinhole is placed in the image plane and is associated with a PSF, h(x, y, z), which

can be interpreted in two different ways. First, for the case where laser light is

introduced into this system via the pinhole, h(x, y, z) is the amplitude distribution

setup in the focal region of the objective lens and is commonly referred to as the

illumination PSF. Second, for the case where the pinhole is used to filter light

62
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Figure 4.1: The PSF for a microscope system obeying the sine condition.

originating from the focal region of the objective lens, h(x, y, z) is used to describe

the sensitivity of the pinhole detector to light emanating from different points in

object space and is therefore referred to as the detection PSF. It is worth noting

that in the regime of geometric optics, this function is essentially a delta function,

located at the origin of object space. In reality though, the effects of wave optics

cannot be ignored and the limiting aperture of the optical system causes this function

to broaden out and take on significant values over a finite region of spatial extent.

We now make some general remarks about the detection PSF for microscope

systems designed to obey the sine condition. Fig. 4.1b shows the same system as

before with the pinhole displaced along the axis and demonstrates two important

features. First, the PSF is shifted along the axial direction in object space and,
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second, its shape is deformed by the introduction of spherical aberration. Fig. 4.1c

shows how a further lateral displacement of the pinhole affects the system. In this

case the PSF is shifted laterally in the focal region of the objective however its

distorted shape remains unaffected by this process. Bearing these properties in

mind, it is possible to characterize the PSF shape with a single parameter, zp, which

we now include as one of the co-ordinates in the distribution, h(x, y, z; zp). It is one

of the aims of the current chapter to measure the PSF shape for different values of

zp. The most direct method of doing so would be to scan a point source to different

positions in object space, (x′, y′, z′), and to measure the intensity transmitted by the

pinhole at each position. Mathematically, the point source is equivalent to a delta

function and so the intensity measured at each position would be:

I(x′, y′, z′; zp) =

∣∣∣∣∫ δ(x− x′, y − y′, z − z′)h(x, y, z; zp)d
3r

∣∣∣∣2 = |h(x′, y′, z′)|2 , (4.1)

which is simply the convolution of the delta function and the PSF, |δ ⊗ h|2. In this

way, the delta function picks out the value of the PSF at each particular location.

The full detection PSF can therefore be measured by scanning the point source to

different locations in three dimensions and measuring the values at each position.

Although it is possible to simulate a point source using various methods [38, 39,

40] these can be hard to implement experimentally. The same results can be obtained

more simply however by using a diffraction limited focal spot of laser light instead

of a point source. This leads to a considerable simplification of the experimental

procedure. The equivalence of the focal spot and point source will be shown shortly.

A schematic diagram of the system used to measure the detection PSF is shown

in Fig. 4.2. Here, a plane wave from a laser beam is coupled into the objective

pupil using a beam splitter. The lens focuses the light down onto a plane mirror,

placed a distance zm from focus, and forms a diffraction limited focal spot centred

at a position z = 2zm. The wavefront that then emerges from the objective lens
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Figure 4.2: Measuring the detection PSF for a microscope system.

is identical to the one that would have been produced by a point source located at

position z = 2zm. This will be shown mathematically later on. Using a focal spot

to probe the detection PSF therefore yields identical results to a point source, even

though it has significant values over a finite region of object space.

In order to measure the detection PSF, the focal spot must still be scanned in

three dimensions as before and measurements taken from an array of points. Axial

scanning is trivial and can be performed by simply displacing the mirror along the

axis. Lateral scanning, on the other hand, is carried out indirectly by replacing the

detection pinhole with a CCD camera and recording whole frames of data. The

pixels of the CCD effectively act as a two dimensional array of pinholes, each one

being associated with its own detection PSF that has the same shape and is displaced

laterally in object space. This, of course, is only the case if the dimensions of the

pixels are small enough so as to adequately sample the intensity distribution. We

will return to this point later on. The detection PSF for a single off-axis pinhole

is shown in the Figure. As a result, laterally displaced pixels measure the same

response as the original pinhole would have if the focal spot was scanned laterally.

The CCD camera therefore measures the intensity distribution of an entire plane

of the detection PSF simultaneously with a magnification factor defined by the

microscope system. A full three dimensional measurement of the detection PSF can
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be obtained by acquiring images from many closely spaced planes while scanning

the mirror along the axis.

We now analyze this situation mathematically and show that the diffraction

limited spot does indeed produce the same results as for a point source. The intensity

measured by a pixel located at (xp, yp, zp) is given by:

I(xp, yp, zm; zp) =

∣∣∣∣∫∫ hill(x, y, 2zm − z)hdet(x+ xp/M, y + yp/M, z; zp)dxdy

∣∣∣∣2 ,
(4.2)

which is the overlap integral of the illumination PSF, hill(.), set up by the laser, and

the detection PSF, hdet(.), associated with the pixel. M is the lateral magnification

of the system and can be used in this way as a result of the lateral invariance of

the PSF shape described earlier. Integration is carried out over a single plane, z =

const, and for the purposes of simplicity we choose to carry out the integration over

the plane z = 2zm. Using the Fourier transform relations derived in Appendix C,

these PSFs can be re-expressed in terms of their equivalent pupil plane profiles:

hill(x, y, z) =

∞∫
−∞

∫
P (m1, n1, z; 0)e−ik sinα(m1x+n1y)dm1dn1, (4.3)

hdet(x, y, z; zp) =

∞∫
−∞

∫
P2(m2, n2, z; zp)e

−ik sinα(m2x+n2y)dm2dn2, (4.4)

where:

P (m,n, z; zp) =

 ei
kzp sin2 α

2Ma
ρ2

e−ikz sinα
√
cosec2α−ρ2

, ρ ≤ 1

0, ρ > 1
(4.5)

m1,2 and n1,2 are the normalized Cartesian co-ordinates in the pupil plane and

integration is carried out over the unit circle. ρ is the radial co-ordinate in the pupil

such that ρ1,2 =
√
m2

1,2 + n2
1,2 andMa is the axial magnification of the system. P1,2(.)
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are pupil functions, containing the amplitude and phase information, which generate

the PSFs in the focal region of the objective lens. Substituting these expressions

into Eq. 4.2 and setting z = 2zm gives:

I(xp, yp, zm; zp) ∝
∣∣∣∣∫∫ {∫∫ P1(m1, n1, 0; 0)e−ik sinα(m1x+n1y)dm1dn1

}
×
{∫∫

P2(m2, n2, 2zm; zp)e
−ik sinα[m2(x+xp/M)+n2(y+yp/M)]dm2dn2

}
dxdy

∣∣∣∣2 ,
(4.6)

which can be rearranged in the following way:

I(xp, yp, zm; zp) ∝
∣∣∣∣∫∫∫∫ {∫∫ e−ik sinα[x(m1+m2)+y(n1+n2)]dxdy

}
× P1(m1, n1, 0; 0)P2(m2, n2, 2zm; zp)e

−ik sinα[m2(xp/M)+n2(yp/M)]dm1dn1dm2dn2

∣∣2 .
(4.7)

The term in brackets can be recognized as being proportional to the product of

two Dirac delta functions, δ(m1 + m2)δ(n1 + n2), which enables us to perform the

integrals in m1, n1:

I(xp, yp, zm; zp) ∝
∣∣∣∣∫∫ P1(−m2,−n2, 0; 0)P2(m2, n2, 2zm; zp)e

−ik sinα[m2(xp/M)+n2(yp/M)]dm2dn2

∣∣∣∣2 .
(4.8)

For a perfect objective lens with no residual aberration P1(−m2,−n2, 0; 0) = 1 at

all points in the pupil plane and so does not affect this expression. Eq. 4.4 can then

be used to show:

I(xp, yp, zm; zp) ∝ |hdet(xp/M, yp/M, 2zm; zp)|2 . (4.9)

hdet(.) is essentially the detection PSF for a pinhole located a distance zp along the

axis from the image plane. This expression shows that an image of hdet(.) from

the plane z = 2zm is projected directly onto the CCD camera with a magnification
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of M . A full three dimensional measurement of hdet(.) can therefore be made by

recording a series of two dimensional images on the CCD camera at a number of

closely spaced mirror positions zm.

In this analysis, we have assumed that each pixel of the CCD camera can be

treated as an independent pinhole. This is only the case, however, if the pixels are

small enough or equivalently spaced closely enough to be able to sample at least

twice the maximum spatial frequency component in the images. This is a result of

the Whittaker-Shannon sampling theorem [25]. The highest spatial frequency com-

ponent in the image, for this rotationally symmetric system, is 1/d = 1.22NA/λM

[35], where NA is the numerical aperture of the objective lens, λ is the illumination

wavelength of the laser and M is the lateral magnification of the system. As a result,

the inter-pixel spacing ∆ must obey the following inequality:

∆ ≤ Mλ

2.44NA
(4.10)

In the experiments we are about to report in the next section, λ = 633nm,

NA = 1.4, M = 53.3 which requires the pixel spacing to be lower than 9.77µm.

The camera used had a value of ∆ = 6.45µm so a full reconstruction of the data

could be performed.

The experimental method described here to measure the detection PSF for the

standard microscope architecture can equally be used to measure the detection PSF

for the new architecture described in the previous chapter.

4.2 Experimental results

We began by measuring the detection PSF of the standard microscope architecture

using the method described in the previous section. The diagram of the system used

is reproduced in Fig. 4.3a. Specifically, an expanded beam from a helium neon laser
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Figure 4.3: Systems used to measure detection PSFs. M1 and M2 are mirrors, L1
and L2 are a 1.4 NA 60x oil immersion objective and 0.95 NA 40x dry objective lens
respectively. The numbers shown are the focal lengths of the lenses in mm.

(wavelength 633nm) was used for illumination, L1 was an Olympus 1.4 NA 60x oil

immersion objective and the tube lens was an achromatic doublet with focal length

160mm. Images were acquired on a low noise, peltier cooled, CCD camera with 1344

x 1024 pixels (ORCA-ER, Hamamatsu, Japan) and its axial position, zp, could be

changed. For each position of the CCD camera, a sequence of images was acquired

for a range of zm values. PSFs for five different positions of the CCD camera were

taken [zp(mm) = −20,−10, 0, 10, 20] and computer reconstructions of the intensity

profile in the meridional plane are shown in Fig. 4.4a. All PSFs are presented on

the same plot scaled back down to reflect their true size in object space. Three of

the PSFs have been enlarged so that the distortions due to spherical aberration can

be seen more clearly. There is an elongation of the PSF along the axial direction.

The intensity for each PSF has been re-normalized to the maximum pixel value in

order that the out-of-focus images can be seen clearly (the maximum pixel intensity
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of the aberrated PSFs was approximately half that of the unaberrated case for the

enlarged images).
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Figure 4.4: Detection PSFs measured with the systems in Fig.4.3.

The second set of measurements were made using the configuration of Fig. 4.3b.

M1 was illuminated in the same way as before and the reflected light passed back
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through L1 and the first tube lens before passing through a second identical tube

lens. The light then entered objective L2, which was an Olympus 0.95 NA 40x dry

objective. A dry lens was chosen to ensure that there was no mechanical interference

between the reference mirror and the objective via an immersion medium. The light

reflected off the reference mirror positioned at zr, re-entered L2 and was reflected by

the beam splitter. Another tube lens focused the light onto the CCD camera which

was fixed in the nominal focal plane of the final microscope stage. For each position

zr of the reference mirror, a sequence of images was acquired for a range of object

mirror positions zm. Fig. 4.4b shows the measured PSFs for seven different positions

of the reference mirror [zr(µm) = −30,−20,−10, 0, 10, 20, 30]. It can be seen that

the overall shape of the PSF was retained over a large range of depths in object space,

indicating that no significant aberrations were introduced. This can be seen clearly

in the three PSFs that have been enlarged. Note that no intensity renormalization

was performed for these three images. We also measured the maximum intensity

value present in each focal spot, which is proportional to the Strehl ratio, and this

was found to be roughly constant over a range of ±35µm in object space. In chapter

3, we have shown theoretically that we expect to achieve twice this value and we

suggest that the reason for this is that the lens design has been optimized for a larger

lateral field of view and therefore does not strictly conform to the sine condition. As

a result the axial response is slightly compromised as seen here. It might therefore

be possible to optimize the design of such lenses further to achieve even larger axial

ranges to be achieved with this system.

4.3 Conclusions

In this chapter we have presented PSF measurements from two different microscope

architectures where refocusing was carried out remotely. The first system was a

standard microscope configuration which was refocused by moving the detection
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pinhole along the axis from the image plane. The effects of spherical aberration were

clearly seen in the the PSFs measured which demonstrated that this is a particularly

poor way of refocusing. The equivalent set of PSFs were also measured for the

new refocusing architecture proposed in chapter 3 and showed that a considerable

improvement could be gained in comparison to the first system. In this case, the

PSF can be scanned over a large range of specimen depths without visibly losing its

form which demonstrates that this approach is particularly effective.

Although strictly speaking the distributions measured here were detection PSFs,

it is also possible to interpret them as illumination PSFs due to the reciprocal nature

of confocal systems (see Appendix B). The overall confocal system PSF, which is

usually found by multiplying the illumination and detection PSFs together, can

therefore be found by simply squaring the results shown in Fig. 4.4.

It is also worth mentioning that the results here demonstrate that the working

distance of a high NA objective lens can be extended using this system. This could

be particularly important for imaging of thick specimens where it is not possible to

reach the depths required because the working distance of the objective lens is not

large enough.



Chapter 5

Applications of remote focusing in

sectioning microscopy

In this chapter, four novel imaging systems are presented that were built to demon-

strate the ability of the microscope architecture described in chapter 3 of this thesis.

This architecture enabled each system to be refocused remotely in order to image

information from different depths in the specimen. The images acquired were free

from systematic aberrations and the specimens were not disturbed mechanically

during the imaging process.

5.1 Practical implementation of remote focusing

Before considering the specific details of each microscope system built, we first make

some general comments about the fundamental building block that permits refocus-

ing to be carried out remotely.

Fig. 5.1a shows the standard architecture of most commercial microscope sys-

tems. This consists of a high NA objective lens (L1), obeying the sine condition,

and a low NA tube lens. It has already been shown in chapter 3 that a diffraction

limited image of points lying in the focal plane appears in the image plane of L1.
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Figure 5.1: a) A standard microscope system and b) the replacement architecture
used as a fundamental building block of all systems in this chapter.

Furthermore, it has also been shown that this pair of conjugate planes is unique in

delivering aberration-free performance. For the specific case where L1 is an Olym-

pus 1.4NA 60× oil immersion lens and the tube lens has focal length 200mm, this

system produces a lateral magnification of 60× 200
180

= 66.7× because Olympus objec-

tives are generally designed to operate with a tube lens of focal length 180mm. The

immersion oil for this lens has a refractive index n = 1.52. It is noted that some com-

mercial objective lenses are designed to work in conjunction with a specific tube lens

whereby correction of certain aberrations is carried out by the two lenses working

as a pair. This is not an issue in the current situation, however, because Olympus

objectives perform all corrections internally and therefore an achromatic doublet

with any focal length can be used as the tube lens.

The microscope systems described in this chapter, however, were all based on the

new architecture shown in Fig. 5.1b. This comprises two high NA objective lenses,
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three achromatic doublet lenses, a mirror (M), a polarising beam splitter (PBS)

and a quarter-wave plate (λ/4-plate). In all cases, L1 and L2 were an Olympus

1.4 NA 60X oil immersion lens and an Olympus 0.95 NA 40X dry lens respectively.

Their pupil planes were mapped together with a 4f imaging system, consisting of

two 160mm focal length lenses, which produced a magnification of unity. This

magnification was chosen deliberately to allow perfect three dimensional imaging of

the specimen in the intermediate image space in accordance with Eq. 3.16:

M =
sinα1

sinα2

=
NA1/n

NA2

=
1.4/1.52

0.95
≈ 1. (5.1)

When the mirror is placed in the focal plane of L2, a diffraction limited image

of points lying in the focal plane of L1 in the specimen appears at the image plane.

The key difference in this system, however, is that points lying in other specimen

planes, besides the focal plane, can also be mapped onto this image plane, without

aberration, by shifting the mirror axially in the focal region of L2. Moving the mir-

ror a distance z shifts the effective focal plane in the specimen axially by a distance

Z = 2z/n, where n is the refractive index of the oil used as the immersion medium

of L1. The lateral magnification is set by the combination of L1 and the 200mm

doublet and hence retains its former value of 66.7×. A coverglass of thickness 170µm

was mounted onto the mirror to compensate for coverglass corrections introduced by

objective L2. A thin layer of oil was introduced between the mirror and coverglass

to ensure good optical contact between these elements to minimize extraneous re-

flections that would otherwise result as the light passes between regions of different

refractive index.

It is an interesting point to note that the resolution of this system is not restricted

by L2 even though it has the lower NA of the two objective lenses used in this system.

This can be understood in terms of geometric considerations. In Eq. 3.2 (Pg. 46),

we saw that the rays from object space are mapped onto conjugate rays with the
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same angle in the intermediate image space. As such, the limiting angular aperture

in the system, γmax, will essentially limit the overall resolution of the instrument.

This implies that as long as the second objective has a higher angular aperture than

the first it will not restrict the resolution. This situation is realized when using a

1.4NA oil immersion lens and a 0.95NA dry lens as L1 and L2 respectively. The

numerical aperture of the instrument in this case therefore has a value of 1.4.

This result can also be understood from another simple argument. Consider two

independent point sources placed in the focal plane of L1, separated by a distance

such that they can just be resolved in the conventional image plane of this lens. Using

the Abbe resolution criterion, defined in Eq. 1.1, this distance can be calculated as

d1 = λ/2NA1, where λ is the emission wavelength of the sources. In the current

arrangement, these sources are re-imaged in the focal plane of L2, separated by a

distance d′ = nλ/2NA1, where a factor n has been included to account for the

magnification introduced between the object space and intermediate image space,

defined by Eq. 3.1. It turns out, for the lens parameters used here, that this

separation is still large enough to be resolved by L2 whose minimum resolvable

separation is d2 = λ/2NA2, i.e.:

d′ > d2 (5.2)

nλ

2NA1

>
λ

2NA2

(5.3)

1.09λ > 1.05λ, (5.4)

and hence L2 does not place a restriction on the resolving power of the system.

The role of the PBS and λ/4-plate can be understood with reference to Fig. 5.2.

Here, unpolarized light originating from the specimen is split by the PBS into two

orthogonally polarized beams with equal intensity, the horizontal component being

reflected and the vertical component being transmitted. The vertical component

then propagates through the λ/4-plate, with its fast axis oriented at 45◦ to the plane
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Figure 5.2: The role of the polarizing beam splitter (PBS) and λ/4-plate

of polarization, and is transformed into circularly polarized light before entering the

objective lens. Reflection from the mirror surface reverses the sense of polarization

so that when it propagates back through the objective and λ/4-plate it emerges with

horizontal polarization. This is then completely reflected by the PBS towards the

image plane. In this way, 50 % of the fluorescence light arrives at the image plane

compared with the case of a standard beamsplitter where only 25 % arrives. It is

also worth noting that, due to the reciprocal nature of this configuration, the full

intensity of a polarized laser beam can be transmitted from the image plane towards

the specimen, provided that its polarization is along the horizontal direction.

In all experiments the system in Fig. 5.1b constitutes the fundamental building

block around which specialized illumination and detection optics are constructed

to obtain optically sectioned images from the effective focal plane. The same lens

parameters were used for this part of the system in each case.

5.2 Nipkow disc confocal microscope

As mentioned in the introduction chapter on Pg.17, a useful method of acquiring

sectioned image data from a single specimen plane is to employ a Nipkow disc con-

focal microscope. Three dimensional image data can then be acquired by changing
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the focal setting of the system a number of times and acquiring images from different

specimen depths. In this section, we demonstrate the application of a Nipkow disc

to the new microscope architecture experimentally and show that different specimen

planes can be imaged without physically changing the distance between the speci-

men and objective lens. For the purposes of comparison, we also show how these

results compare with two other methods of refocusing.

Specimen

160 160

200

PBSL1 L2D

M

λ/4

Laser

491nm
CSU10

CCD

16

Figure 5.3: Fluorescence confocal imaging system using a Nipkow disc. Refocusing
is performed by shifting the reference mirror M1 axially.

A schematic diagram of the system built for these experiments is shown in Fig.

5.3. A Nipkow disc scanning unit (CSU10, Yokogawa, Japan) was used to acquire

widefield confocal fluorescence images directly on a CCD camera. The pinhole array

was placed in the image plane of the microscope. Illumination was provided by a

diode pumped solid state laser (Calypso, Colbolt, Sweden) with a maximum available

power of 50mW and wavelength of 491nm. The power and polarization of this

laser could be adjusted externally with a neutral density filter set and a λ/2-plate

respectively. A short focal length lens, with f = 16mm, was used to focus the laser

light at the entrance aperture of the scanning unit so that the whole field of view in

the specimen was illuminated. A dichroic beamsplitter with a cutoff wavelength of
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493 nm and emission filter with a bandpass of 500-550nm were already embedded in

the CSU10 for fluorescence imaging. Images were acquired with a low noise, peltier

cooled, CCD camera having 1344 x 1024 pixels (ORCA-ER, Hamamatsu, Japan).

Each pixel of the camera was square in profile and measured 6.45µm in width. L2 was

mounted on a high precision scanning stage (P-721.CLQ, PI Instruments, Karlsruhe)

so that its position along the axis could be controlled over a range of 100µm at a

resolution of 0.1µm. Previously, we have spoken about moving the mirror (M) in

order to refocus the system to image different planes of the specimen, however, in

this case L2 was moved instead which is completely to shifting the reference mirror

along the axis. The specimen was also mounted on a high precision scanning stage

(P-611.3S NanoCube, PI Instruments, Karlsruhe), which also provided a scanning

range of 100µm along the axial direction.

Three stacks of images were recorded from the same region of a mouse kidney

section (FluoCells prepared slide #3, stained with Alexa Fluor 488, from Molecular

Probes, Invitrogen). For the first stack, the mirror was positioned in the focal plane

of L2 and successive images were acquired by physically moving the specimen to

different axial positions in steps of 0.5µm. As L2 played no role in the focusing

process, this was optically equivalent to the standard focusing technique used in

confocal microscopy, where the imaging plane is held fixed and the specimen is

moved along the axis to image different planes. Two sectioned images from specimen

planes separated axially by 15µm are presented in Fig. 5.4 (1a) and (1b), as well as

the computer generated reconstruction of a single XZ plane through the stack (1c).

The fine detail of the specimen structure at all depths in the XZ image is a clear

indication that image resolution has been maintained at all specimen depths during

image acquisition.

For the second stack, L2 was replaced by a low NA 100mm focal length achro-

matic doublet. The mirror M was placed in the focal position of this lens and

scanned in steps of 0.2mm towards it, using a manual stage. This was optically
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Figure 5.4: Fluorescence confocal sections of a mouse kidney specimen acquired with
a widefield confocal imaging system. a) Refocusing was performed by shifting the
specimen in the focus of L1. b) Refocusing was performed using the low NA system,
equivalent to shifting the scanning unit. c) Refocusing was performed by shifting
the reference mirror in the focus of L2.
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equivalent to placing the CSU10 pinhole array at the detector plane D and moving

it towards the tube lens to image deeper planes in the sample, separated by 0.5µm.

Fig. 5.4 (2) shows the same three image planes as before for this second set of data.

Image (2a) corresponds to the case where the CSU10 images the focal plane and

hence the result is comparable to image (1a). Image (2b) corresponds to the case

where the CSU10 images the same deeper plane in the specimen and the signifi-

cant blurring, compared with the result of image (1b), is a clear indication of the

presence of spherical aberration. Finally the XZ image (2c) shows the progressive

degradation of image resolution when focusing to deeper regions of the specimen

where the fine details become washed out in comparison to image (1c).

The third stack was taken using the new focusing technique. The specimen was

held stationary and the reference mirror was scanned in steps of 0.38µm along the

optical axis towards L2, in order to select deeper planes in the sample, each separated

by 0.5µm. The results in Fig.5.4 (3), from the three example planes in the stack,

demonstrate that the imaging resolution has been maintained at all sample depths

and compare favourably to the results in (1). This, of course, is no surprise as we

have already shown in the previous chapter that this system can be refocused over

a far greater range than this without introducing significant aberration.

5.2.1 Extended depth of field microscopy

As we have seen in the introduction chapter on Pg.11, one possible way of displaying

the three dimensional image data obtained with the remote focusing technique would

be to sum the individual images acquired at different focal settings together compu-

tationally to produce an extended depth of field image. This process is equivalent to

projecting all the data along the axial direction onto one plane so that the resulting

image displays information from a whole range of specimen depths simultaneously.

Such images could, however, be produced on the CCD camera directly by integrat-
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Figure 5.5: The piezo-ceramic bimorph mirror actuator used in these experiments.

ing the response while scanning the effective focal plane over a range of specimen

depths. An extended depth of field image would then be captured in a single frame

without needing to perform any post processing on a computer. Furthermore, a

real-time extended depth of field movie could also be generated by acquiring a series

of such images at closely spaced time intervals.

The setup of Fig. 5.3 was employed for this experiment however a new actuator

device was used to scan the effective focal plane in the specimen at high speed. This

is shown in Fig. 5.5 and was developed by Photometric Consultants Ltd. (Surrey,

UK). This consisted of a small flat mirror, with diameter 9mm, mounted between

four independent cantilevers arranged in a cruciform shape. Each cantilever was

manufactured from a piezo-ceramic bimorph material and could be made to flex by

applying a voltage between the top and bottom surfaces. Driving the cantilevers

together with the same voltage waveform caused them to flex in synchrony and hence

displace the mirror along the optical axis of the system. This mode of operation

exhibited a linear response for amplitudes of ±125µm up to frequencies of 1 kHz.
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M1

CCD

Figure 5.6: The voltage waveforms used to drive the axial movements of the mirror
and CCD camera integration for extended depth of focus imaging.

Custom built Labview software was written to acquire image data from the CCD

camera via the IEEE 1394 interface (a.k.a. the firewire interface). In addition to

this, the software also generated the two voltage waveforms, shown in Fig. 5.6,

to control the axial position of the mirror as well as the integration period of the

CCD camera. These voltages were generated with a DaqBoard/2001 PCI card from

IOtech (Cleveland, USA). The period of these waveforms was set to 12Hz as this

was the maximum permissible transfer rate that the CCD camera would allow.

Movies were recorded directly in *.avi format. The mirror was swept so as to probe

specimen depths over a range of 20µm and a number of movies were recorded of

Figure 5.7: Extended depth of field image
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various fluorescent specimens. An example frame from one of many movies taken of

pollen grains is shown in Fig. 5.7 and compares with the result shown on Pg. 11.

The frame rate of this system was essentially limited by the CCD camera because

it could only acquire images at 12 fps. Frame rates of 100Hz and possibly higher

are achievable with a faster CCD camera as the mirror actuator could support these

speeds.

5.2.2 Stereo imaging

Previously in this thesis, we have noted that two extended depth of field images

acquired from different angles of perspective can be used to form a stereo pair. A

simple modification to the experimental setup of the previous section was performed

to enable the angle of perspective to be changed in the extended depth of field images

so as to permit high resolution stereo pairs to be acquired in quick succession. The

modified system is shown in Fig. 5.8. The only difference is that an extra piezo-

driven steering mirror M2 (S-325, PI Instruments, Karlsruhe) was placed close to

the pupil plane of L1. This was used to tilt the wavefronts entering and leaving L1.

160 160

200

PBS

L1

L2

M1
M2

λ/4-plate

Laser

491nm
CSU10

CCD

Specimen

Figure 5.8: Stereo imaging
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Figure 5.9: a) Voltage waveforms used to translate mirror M1 along the axis, ro-
tate mirror M2 and control CCD integration for stereo imaging. b) The resulting
trajectory of the field of view in the specimen during stereo imaging.

Fig. 5.9a shows the waveforms used to control the two mirrors and the CCD

integration period. As before, M1 was scanned along the optical axis while integrat-

ing the response on the CCD camera to produce an extended depth of field image of

the specimen. At each point during the scan, however, the CCD camera instanta-

neously records information from a uniquely defined area in the specimen. This field

of view, which is located in the effective focal plane of the microscope, can be shifted

laterally by tilting mirror M2. The waveform driving M2 therefore causes the field

of view to follow one of the trajectories shown in Fig. 5.9b during an image scan.

As a result, the CCD camera sums up the information along a skewed direction

and the extended depth of field image appears to have a different perspective. In

the following scan the complementary trajectory is used to produce a second image

from a complementary viewing perspective. These two images then form a stereo
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pair from a single time point. The separation between the angles of perspective in

the two images can be adjusted by changing the amplitude of the waveform driving

M2. An angle of about 12◦ was used in these experiments.

Pairs of images were then acquired in quick succession from the two different an-

gles of perspective to produce high resolution stereo movies of fluorescent specimens

in real-time. A number of movies were recorded using this system. As two images

are required for each time point, the frame rate of these movies was limited to 6 fps

because the CCD camera could only acquire images at a maximum rate of 12 fps.

An example of a single stereo pair from one of the movies is shown in Fig. 5.10.

Figure 5.10: An example of a stereo pair of images.

A particularly elegant method for displaying these movies would be to use a

stereo monitor, an example of which is the Mebius RD3D (Sharp Corporation,

Japan). These monitors essentially overlay the different images of each stereo pair at

the same location on the screen and introduce an angular separation between them

so that the observer sees a different image with each eye. As a result, the stereo

effect can be observed directly by the user without any extra visual aids. Movies

can also be viewed on these monitors by displaying the stereo pair from different

time points in series.

The experimental system described here could potentially be developed further
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to enable stereo images to be displayed directly on such a stereo monitor. In this

way, the user could observe a stereo image of the specimen live on the screen.

5.3 Slit scanning microscopy

The second imaging system built was based on a slit scanning confocal fluorescence

microscope (see Pg. 1.14). This system permitted high resolution two-dimensional

images of the meridional plane in the specimen to be acquired at high speed as

opposed to the commonly imaged focal plane.
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Figure 5.11: Slit scanning microscope

A schematic diagram of the system constructed is shown in Fig. 5.11. A slit,

of width 10µm and length 10mm from Comar (UK), was placed in the image plane

of the microscope. Once again, illumination was provided by a diode pumped solid

state laser (Calypso, Colbolt, Sweden) with a maximum available power of 50mW

and wavelength of 491nm. This was expanded with a telescope arrangement and

focused onto the slit using a cylindrical lens of focal length 100 mm. The light
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transmitted by the slit was imaged into the specimen to form a diffraction limited

line of light. Fluorescent molecules in the illumination path were excited and the

subsequent emissions propagated back through the system and were imaged back

onto the slit. This selectively passed fluorescence light originating from the linear

focal region of the illumination pattern in the specimen and rejected emissions from

other regions. This was then re-imaged onto a narrow column of pixels on the CCD

camera using a 4f imaging system with unit magnification. A dichroic beamsplitter

with a cutoff wavelength of 493 nm and emission filter with a bandpass of 500-

550nm were also used to remove extraneous illumination light in the system prior

to imaging. In this way, an entire line of points in the effective focal plane of

the microscope could be imaged simultaneously. Furthermore, this line could be

refocused to different specimen depths by moving mirror M1 axially. The same

piezo-ceramic bimorph mirror was used as in section 5.2.1.

A galvanometer mirror (VM1000, GSI Lumonics, USA), M2, was mounted in the

intermediate plane of the 4f system and could be tilted to shift the image of the slit

laterally on the CCD camera. As a result, it was possible to image line information

from different specimen depths onto columns of pixels at different lateral positions

on the CCD camera. Integrating the response on the CCD camera while scanning in

depth therefore gave rise to an XZ image of the specimen directly. The same CCD

camera was used as in the previous experiment with a frame rate of 12 fps.

Custom built Labview software was written to acquire image data from the CCD

camera and to control the positions of the two mirrors. The waveforms used are

shown in Fig. 5.12. A number of movies were acquired from some of the other

pollen grains in the commercial sample (Carolina w.m. 30- 4264 (B690)) and these

were saved in *.avi format. Two example frames from these movies are shown in

Fig. 5.13. As can be seen from these the image resolution is clearly maintained over

all depths in the specimen.

We note that the vertical line in the middle of these images is probably the
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Figure 5.12: Voltage waveforms used to translate mirror M1 along the axis and
rotate mirror M2 so as to image the slit onto different lateral columns of pixels on
the CCD. The CCD integration control is also shown.

z
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Figure 5.13: Two example images of fluorescent pollen grains obtained with the slit
scanning microscope. The vertical line in the middle of the images is an artifact
introduced by an imperfection in the slit which is bridged at this one point.

result of a piece of dust, which has blocked one particular point on the slit. During

scanning, this point then produces a blank line in the middle of the image.

5.4 Structured illumination microscopy

The third experimental system built was based on a structured illumination mi-

croscope. This technique permits optically sectioned images of the specimen to be
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acquired using conventional light sources [41, 42, 43].
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Figure 5.14: The principle of structured illumination

One particularly elegant approach is shown in Fig. 5.14 and involves placing

a grid structure in the image plane of a conventional microscope and illuminating

it with an arc lamp source. The intensity distribution then produced in the speci-

men has a spatial modulation in the lateral direction that peaks in the focal plane

and falls off rapidly out-of-focus, as shown in the figure inset. Fluorescence light

generated by the molecules in the specimen is then separated out with a dichroic

beamsplitter (DBS) and recorded on a CCD camera. As in conventional microscopy,

the result consists of a superposition of blurred contributions from out-of-focus and

a contribution from the focal plane, which is inscribed with the modulation pattern.

Recovery of the sectioned image follows by identifying the parts of the image affected

by the modulation. A simple way to do this is to acquire three separate images of

the specimen, I1, I2 and I3, with the grid located in different positions along the X

axis, offset by a third of a grid spacing. The following simple equations can then be

used to recover both conventional and confocal images of the specimen [43]:

Iconv = I1 + I2 + I3 (5.5)

Iconf =

√
2

3

√
(I1 − I2)2 + (I2 − I3)2 + (I3 − I1)2. (5.6)
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Three dimensional image stacks are acquired by repeating this procedure at a num-

ber of different focal settings.

Care must be taken when selecting the spatial frequency of the grid, however,

to ensure that good quality sectioned images are obtained using this technique. For

this, it is convenient to define a normalized grid frequency Λ = λ
d(NA)

, where λ is the

illumination wavelength, NA is the numerical aperture of the objective lens and d is

the period of the grid pattern set up in the specimen [43, 44]. For thick fluorescent

specimens, a grid frequency of Λ = 1/3 is often considered to give the optimum

results and this value is used by commercial products such as Optigrid (Thales,

UK) and Apotome (Zeiss, Germany).

In commercial structured illumination systems refocusing to image different spec-

imen planes is often done by physically changing the distance between the objective

lens and the specimen. The experiment built here therefore demonstrates that the

technique of structured illumination can be applied to the new microscope archi-

tecture to obtain sectioned images from different specimen planes through remote

focusing.

A schematic of the system constructed is shown in Fig. 5.15. Refocusing is

carried out in the same way as in previous experiments by displacing the mirror

M1 along the optical axis. The delivery fibre from a conventional arc lamp source

(X-Cite 120, Exfo, USA) was imaged onto the grid with a 4f system of lenses.

A magnification of 2.5x was introduced to ensure a large field of view would be

illuminated in the specimen. infra-red and excitation filters were also placed in the

intermediate plane of this 4f system to produce an illumination spectrum of 432-482

nm.

A commercial grid system (Optigrid, Thales, UK) was used in these experiments.

This consisted of a transmission grid, with a line spacing of 25µm and equal mark-

to-space ratio, mounted on a piezo translation stage driven by an electronic control

unit. The position of the grid could therefore be controlled by applying an external
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Figure 5.15: Structured illumination microscope

voltage to the control unit. The light transmitted by the grid was then re-imaged

by a second 4f system, having a magnification of 3.2X, into the image plane of the

microscope. This was done via a dichroic beamsplitter (DBS) with cutoff wavelength

493 nm.

Taking into account the further demagnification of 66.7X introduced by the mi-

croscope itself the resulting modulation period of the grid structure set up in the
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Figure 5.16: The three raw images acquired with a structured illumination micro-
scope for a single focal setting as well as the computer generated conventional and
confocal images of the specimen.

specimen was 1.2µm, which corresponded to a normalized spatial frequency of:

Λ =
λ

d(NA)
=

457nm

1.2µm× 1.4
= 0.27. (5.7)

This was chosen specifically so as to be close to the aforementioned value of 1/3

needed to image thick specimens.

A plane reference mirror M1 was mounted on a high precision scanning stage

(P-611.3S NanoCube, PI Instruments, Karlsruhe) so that it could be shifted axially

over a range of 100µm. As seen before, this mirror could be shifted axially by an
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amount z to change the effective focal plane in the specimen by an amount 2z/n,

where n is the refractive index of the immersion medium of objective L1 (in this

case oil with n = 1.52). Fluorescence generated in the specimen by the illumination

pattern was projected back through the system and imaged onto the CCD camera.

The dichroic beamsplitter and emission filter isolated fluorescence light in the range

500 - 550 nm for imaging. Custom built software was written in Labview to control

CCD acquisition, the lateral position of the grid and the axial position of M1.

10μm

Figure 5.17: A computer generated rendering of the three dimensional image stack
acquired with the structured illumination microscope.

Image stacks were then obtained for a variety of fluorescent specimens. This was

done by recording three raw images, with the grid offset by a third of a period in each,

at a number of different focal settings. The focal setting was changed by moving

M1 in steps of 0.38 µm, which shifted the effective focal plane in the specimen by

0.5 µm. From each set of raw images the conventional and confocal images were

calculated with Eqs. 5.5 and 5.6 respectively. An example of the results gained at

one particular focal setting are shown in Fig. 5.16 for the same pollen grain used

previously. The clear detail seen in the confocal image is a good demonstration of
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the advantage obtained with this technique. Having calculated the confocal image

at each focal setting, it was then possible to construct a three dimensional image

stack of data and to process this information with a computer. A computational

rendering generated by Volocity (Improvision, UK) for one image stack obtained in

this experiment is shown in Fig. 5.17 and can be compared to the result shown on

Pg. 13.

5.5 Two-photon microscopy

The final imaging system built was a spot scanning two photon fluorescence micro-

scope. A schematic diagram of this system is shown in Fig. 5.18. This was based

on the new architecture with an extra beam scanning unit added to scan the focal

spot laterally in the specimen.
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Figure 5.18: Two photon microscope with remote focusing

Illumination was provided by a Ti:Sapphire laser (Tsunami, Spectra Physics)

with a maximum available power of 630mW, tuned to wavelength of 750nm. For
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15 μm

Figure 5.19: Example images from two lateral planes, separated by an axial distance
of 20µm in a pollen grain specimen.

the purposes of two-photon imaging, the laser was operated in a modelocked regime,

which produced pulses of length ∼ 100fs at a repetition rate of 80MHz. The power

could be adjusted externally with a neutral density filter set. To begin with, the

laser was focused to a diffraction limited spot with a lens of focal length 16mm. A 4f

imaging system with unit magnification was then used to replicate this spot in the

image plane of the microscope. Two galvanometer mirrors (VM1000, GSI Lumonics,

UK), mounted on orthogonal axes, were included in the intermediate plane of the 4f

system to provide tip and tilt to the wavefront so as to scan the lateral position of

the spot in the image plane. From here, the spot was imaged into the specimen and

the depth was controlled by the axial position of mirror M. A dichroic beamsplitter

(DBS), reflecting light with wavelengths below 550nm, was placed behind L1 to

direct photons generated by two photon fluorescence in the specimen at the location

of the focal spot onto a PMT with a large sensitive area. An emission filter (not

shown), with passband 500-550nm, was also included in front of the PMT to further

discriminate against extraneous illumination photons that arrived at the PMT.

Custom built software, written in Labview, produced the necessary voltage wave-
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forms to control the three dimensional position of the spot in the specimen, and

record the intensity measured on the PMT at each point. Specifically, the beam

steering unit was used to scan the spot in a raster fashion laterally in the specimen

and this process was repeated at several axial positions of mirror M.

Two example images from two lateral planes, separated by an axial distance of

20µm in the specimen, are presented in Fig. 5.19. These results confirm that imaging

resolution has been retained for the different focal settings. The specimen used was

once again one of the pollen grains found in the commercial sample (Carolina w.m.

30- 4264 (B690)).

5.6 Conclusions and discussion

In this chapter we have built a number of imaging systems based on a novel micro-

scope architecture described in chapter 3. Focusing to acquire data from different

specimen depths was carried out using an all-optical remote focusing technique that

does not require that the specimen be moved. Furthermore, the images gathered in

this way did not show any signs of degradation from systematic spherical aberration.

One of the problems with the confocal imaging systems shown in sections 5.2 -

5.4 is that the polarizing beam splitter and λ/4-plate used only direct 50 % of the

the fluorescence light back to the image plane. This is because the fluorescence light

is essentially unpolarized. In some situations this may be an issue if the specimen

emits low levels of fluorescence. One way of overcoming this problem would be

to increase the illumination power incident on the specimen from the light source.

Fluorescence emission would be initiated at a higher rate and lead to more photons

being produced in the specimen but it must be noted that this may be accompanied

by other detrimental effects, such as increased levels of photo-bleaching. Another

way of circumventing this problem would be to use the transmission architecture

shown in Fig. 3.5a on Pg. 54. In this case, a third objective lens is used and the
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full fluorescence intensity from the specimen will be projected onto the image plane.

The drawback of this approach, though, is that axial scan speed will once again be

limited to the speed at which the third objective lens can be moved. Refocusing

is still carried out remotely though so this approach may still have advantages for

certain applications.

In the case of the two photon microscope, shown in Fig. 5.18, the problems of

fluorescence loss are not an issue. This is because the detection optics simply collect

and measure the intensity of fluorescence light emitted by the specimen without re-

imaging it in any way. As a result, the full intensity of fluorescence light is measured

without requiring it to return back through the system.

Other issues are important to take into account with the two photon microscope

arrangement. Not least is the problem of the extreme light intensity that is incident

on the refocusing mirror while it is in focus. If the intensity of the focal spot on

the mirror is too high then heating effects can destroy the mirror integrity leading

to system failure. A number of things can be done to overcome this problem. The

first is to use only part of the focusing range of the system such that the mirror

is never in the most intense parts of the focal spot. In fact, this is what was done

here to acquire the example images in Fig. 5.19. In this case, the specimen was

deliberately placed at the extremity of the focusing range so that the mirror was not

illuminated with the full intensity of the focal spot. A second option would be to use

a high threshold mirror that can withstand the high intensities of the focal spot. The

highest threshold metal mirrors available usually consist of a thin layer of gold coated

onto a copper substrate and should be able to withstand the intensities required for

two photon imaging. Another option might be to design a dielectric mirror instead,

however care would need to taken to ensure that it reflects equally at all angles of

incidence because the illumination cone set up by the objective lens extends over a

large angular range. The issue of mirror ablation can be circumvented completely,

however, by using the transmission architecture of Fig. 3.5a but as before this would
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restrict the speed at which the system can be scanned along the axis.



Chapter 6

Conclusions and discussion

A common requirement in high-resolution optical microscopy is to obtain informa-

tion from a three-dimensional object under investigation. This is typically achieved

via an intermediate step using an optical sectioning technique, such as confocal mi-

croscopy, to eliminate the out-of-focus blur in order to obtain a clean in-focus image

of a single plane within the specimen. This process is repeated a number of times

at different focal settings and gradually a full three dimensional data set contain-

ing information about the whole object is gathered. This information can then be

manipulated and displayed on a computer to reveal a wealth of information about

the object structure. In most practical implementations a single in-focus image can

be acquired very quickly. However, the real bottleneck in three dimensional data

acquisition is the process of refocusing the microscope to successive image planes.

This thesis has been concerned with the improvement of image acquisition speeds

while imaging such volumetric specimens in microscopy.

In chapter 2, a novel technique was developed for two photon fluorescence mi-

croscopy that permitted extended depth of field images to be acquired directly in a

single image scan. This was done by extending the point spread function of the mi-

croscope along the axial direction by illuminating the back aperture of the objective

lens with an annular ring of light. The real challenge for two photon microscopy

100
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applications, however, was to develop a technique for producing the annular ring of

light in a light efficient manner so that imaging could be carried out without ex-

cessive amounts of laser power. We therefore used a binary phase-only grating and

this diffractive element was able to produce the required beam with an efficiency

exceeding 75%. In this way, two photon fluorescence images were obtained with a

depth of field extended by more than an order of magnitude. In addition to the

phase mask, we introduced a further step of spatial filtering in the Fourier plane of

the mask which enabled us to fine tune the axial profile of the illumination PSF and

thus achieve a near constant image intensity throughout the depth of field. It has to

be emphasized that all these enhancements in depth of field were achieved without

compromising the lateral resolution of the microscope. The potential scope of ap-

plication of this method was further broadened by demonstrating a stereo imaging

capability. This was achieved by obtaining a pair of extended depth of field images

from different viewing parallaxes by employing tilted PSFs.

In chapter 3, a new microscope system architecture was described that permits

refocusing to be carried out remotely without introducing mechanical movements

near the specimen. The standard microscope architecture used in most commercial

systems only permits a single specimen plane to be imaged without aberration and

it is therefore necessary to physically move the specimen or objective lens to image

other planes. With the new architecture, however, aberration-free images can be

acquired from an effective focal plane in the specimen that can be shifted along the

axis remotely. As a result, information from a range of specimen depths can be

acquired without introducing movements near the specimen.

Using a high NA scalar theory, a mathematical analysis was carried out for this

architecture which revealed that refocusing could be carried out over an axial range

of 140µm for a 1.4 NA 60× oil immersion objective. This range was calculated by

requiring the Strehl ratio to be greater than 0.8 at all points. The analysis also

assumed that the objective lenses used conform strictly to the sine condition.
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In chapter 4, point spread function measurements were obtained using commer-

cially available objective lenses and it was found that refocusing could be carried out

over an axial range of 70µm for the same lens modelled in the theoretical analysis.

The discrepancy between these measurements and the theory can be accounted for

by the fact that commercial lenses are often optimised to produce a large lateral

field of view and hence do not conform strictly to the sine condition.

In chapter 5, some prototype imaging systems were constructed to demonstrate

the application of a number of sectioning techniques to the new microscope archi-

tecture. Specifically, the techniques of point scanning, line scanning and structured

illumination microscopies were all applied and image data recorded from a range of

different depths in the specimen. All specimens were held stationary during imaging.

The applications of this approach are, of course, not limited to the few simple

cases shown in this thesis. Indeed, any system previously based on the standard

microscope architecture could be reconstructed using the new architecture to allow

focusing to be carried out remotely. For example, microscopes employing other

sectioning techniques such as coherent anti-stokes raman scattering [45, 46], second-

harmonic generation [47, 48] and third- harmonic generation [49, 50] could certainly

be adapted in this way. This is testament to the extreme generality of this approach.

One of the most important advantages of this new approach is the improvement

in axial scan speeds that can be obtained. This is the direct result of the fact that

refocusing is carried out by moving a small mirror. In this thesis, the mirror was

mounted on an actuator that would allow axial scan speeds of up to 1 kHz over

the full focusing range. Through developments, it is expected that this speed could

be improved further. In any case, the current situation already permits a consid-

erable improvement over the axial scan speeds that are permitted by commercial

microscope systems, which typically lie in the range 10-100 Hz.

The fact that focusing is carried out remotely with this approach could prove

useful for certain imaging applications. For instance, up until now, it would have
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been hard to acquire a three dimensional image stack of a floating specimen using a

water dipping objective lens. This is because the process of refocusing the objective

lens mechanically would disturb the medium surrounding the specimen and cause

it to move during imaging. Using the new technique, however, focusing would

be carried out remotely so the specimen would be imaged without affecting its

environment.

Finally, we mention some of the extra imaging modalities that could be orches-

trated with the two photon microscope system shown in the previous chapter. As

well as being able to acquire two dimensional images from a number of X-Y planes,

located at different specimen depths, it should also be possible to use the axial scan

motion to permit images to be acquired from other planes having arbitrary orien-

tation and position. In addition to this, images could be recorded from a curved

surface. This would be useful, for instance, if biological activity was constrained

to take place over a curved surface, as information could be acquired directly in a

single scan instead of deriving it from a three dimensional image stack. In certain

situations, it may be of interest to monitor biological activity along arbitrary line

trajectories in three dimensions at high speed. This would also be possible to orches-

trate with the current arrangement. Finally, the focal spot could also be scanned to

a discrete set of specimen locations in three dimensions to monitor activity at each

point.

In summary, the initial proof-of-principle of this new microscope architecture has

been carried out in this thesis and a theoretical model established. As this approach

is extremely general there is great potential for applying these ideas to a number of

areas in biological imaging and this will be the subject of future work.



Appendix A

Imaging theory and the point

spread function

This appendix contains a brief summary of the Kirchhoff-Fresnel scalar diffraction

theory and explains how the point spread function is calculated for a low NA lens.

A.1 Kirchhoff-Fresnel scalar diffraction theory

The goal of diffraction theory is to predict how a wave disturbance develops in the

course of time. In 1678 Huygens [25] expressed the intuitive conviction that if each

point on a wavefront were considered to be a new source of a secondary spherical

disturbance, then the wavefront at a later instant could be found by constructing

the envelope of secondary wavelets. This concept is shown diagrammatically in Fig.

A.1 below. Much later, in 1818, this principle was formulated mathematically by

Fresnel so for the first time it was possible to make quantitative predictions about

the propagation of optical wavefronts. Kirchhoff then made certain assumptions,

in 1882, to show consistency between Fresnel’s theory and Maxwell’s equations of
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new wavefront

predicted from

secondary sources

Figure A.1: Diagrammatic representation of Huygens principle showing how a secondary
wavefront is predicted by summing up spherical contributions from a primary wavefront.

electromagnetism. The Kirchhoff integral can be stated as follows:

U2(x2, y2) =
i

λ

∞∫
−∞

∫
U1(x1, y1)

e−ikr

r

[
1 + cos θ

2

]
dx1dy1 (A.1)

where k = 2π
λ

and λ is the wavelength of illumination. This expression can be

understood with reference to Fig. A.2. Each elemental area of the diffraction plane

is the source of a spherical wave, which propagates outwards until it reaches the

observation plane. The amplitude and phase of this wave in the diffraction plane is

given by the complex scalar function U1(x1, y1). However, in reaching its destination,

it diminishes in amplitude and changes in phase, which gives rise to the factors 1/r

and e−ikr respectively. Finally a term called the obliquity factor is also introduced,[
1+cos θ

2

]
, to prevent the spherical waves generating a backward propagating light

field. Integration of the spherical waves arriving at each point in the observation

plane give rise to the amplitude and phase of the new wavefront formed.

Two approximations can be introduced to develop this expression further. First,

we only consider the rays travelling close to the optical axis and hence set θ ' 0,

which is the paraxial approximation. Second, with reference to Fig. A.2, we consider

the case where a � z, which is known as the Fresnel approximation. Using this

approximation, it is possible to make the following binomial expansion:

r =
√
z2 + (x2 − x1)2 + (y2 − y1)2 ≈ z

[
1 +

(x2 − x1)
2 + (y2 − y1)

2

2z2
+ ...

]
, (A.2)
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Figure A.2: The complex field U2(x2, y2) at any point in the observation plane is simply
the sum of all the spherical wave contributions from the diffraction plane. This summation
is given by the Kirchhoff Integral.

which is then used in argument of the exponential function in the integrand. Under

these approximations the factor 1/r in the integrand does not vary so much for small

changes in r so it can be replaced by 1/z and the expression that emerges is usually

referred to as the Kirchhoff-Fresnel integral:

U2(x2, y2) =
ie−ikz

λz

∞∫
−∞

∫
U1(x1, y1)e

− ik
2z [(x2−x1)2+(y2−y1)2]dx1dy1 (A.3)

which is simply the convolution of some exponential function with the waveform

in the diffraction plane. It is emphasized that the wavefronts considered here are

only scalar functions and hence the effects of polarization are not included in this

formulation.

A.2 The point spread function

For the situation where a plane wave falls incident on a thin lens, as shown in

Fig. A.3, geometric optics predicts that the light is focused to an infinitesimally

small spot in the focal plane, with an amplitude distribution described by a delta

function δ(x2, y2). In practice, though, this does not happen because the light has a

finite wavelength spread and so the limiting aperture of the lens causes the resulting
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amplitude distribution to spread out and take significant values over a finite region.

This amplitude distribution is known as the point spread function (PSF) of the lens.

We can write down a mathematical expression for the PSF using the Kirchhoff-

Fresnel integral but first we must understand how the lens transforms the incoming

wavefront.

U (x , y )
11 1

U
0

h(x , y )
2 2

f

Figure A.3: A plane wave incident on a thin lens is focused onto the focal plane and
forms a complex point spread function = h(x2, y2).

As shown in the Fig. A.3, the lens transforms the plane wave into a spherical

wave and also apodizes the incoming waveform. Mathematically, the wavefront that

emerges from the lens, as a function of the incident amplitude U0, is:

U1(x1, y1) = U0P (x1, y1)e
ik
2f

(x2
1+y2

1), (A.4)

where the function P (x1, y1) is present to account for the apodization. This is often

referred to as the pupil function and takes the form:

P (x1, y1) =

 1, inside the lens

0, outside the lens
(A.5)

The quadratic phase variation describes the transformation of plane waves into

spherical waves and is only a good approximation for low NA lenses. The propensity

for a thin lens to deform an incoming wavefront is therefore characterized by a single
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parameter f , which is referred to as the focal distance. Setting U0 = 1, the PSF in

the focal plane can now be evaluated from the Kirchhoff-Fresnel integral:

h(x2, y2) =
i

λf
e−ikf

∞∫
−∞

∫
P (x1, y1)e

ik
2f

(x2
1+y2

1)e−
ik
2f [(x2−x1)2+(y2−y1)2]dx1dy1

=
i

λf
e−ikfe−

ik
2f

(x2
2+y2

2)

∞∫
−∞

∫
P (x1, y1)e

ik
f

(x2x1+y2y1)dx1dy1 (A.6)

which is simply the two dimensional Fourier transform of the pupil function. A more

general expression, which predicts the PSF in other planes, not just in the focal one,

can also be formulated from the Kirchhoff-Fresnel integral:

h(x2, y2, z) =
i

λz
e−ikz

∞∫
−∞

∫
P (x1, y1)e

ik
2f

(x2
1+y2

1)e−
ik
2z [(x2−x1)2+(y2−y1)2]dx1dy1. (A.7)

This can be simplified by making a change of variable, z = f + ∆z, and considering

only planes with ∆z � f so that 1/z ≈ 1/f −∆z/f 2. This results in:

h(x2, y2,∆z) ∝
∞∫

−∞

∫
P (x1, y1)e

ik∆z
2f2 (x2

1+y2
1)e

ik
f

(x1x2+y1y2)e
− ik∆z

f2 (x1x2+y1y2)
dx1dy1, (A.8)

where all the pre-factors have been omitted as we are mainly concerned with the

relative values of |h(.)|2 in this work. For small changes of x2, y2 and ∆z it is possible

to neglect the variation introduced by the final exponential term in the integrand

and further simplification can be made introducing normalized co-ordinates in the

pupil plane, namely m = x1/a and m = x1/a. Also, a/f ≈ sinα where α is the semi

aperture angle of the objective lens. The PSF is therefore:

h(x2, y2,∆z) ∝
∞∫

−∞

∫
P ′(m,n)e

ik∆z sin2 α
2 (m2+n2)eik sinα(mx2+ny2)dmdn, (A.9)
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Figure A.4: Density plots showing the intensity distribution formed by a lens with NA =
0.5 when illuminated with a plane wave.

where for a simple lens with no residual aberrations:

P ′(m,n) =

 1,
√
m2 + n2 ≤ 1,

0,
√
m2 + n2 > 1.

(A.10)

The intensity distribution set up in the focal region of the lens is proportional to

|h(x2, y2,∆z)|2. Plots of this are shown in the focal plane and meridional plane in

Fig. A.4 for a dry lens with NA = sinα = 0.5.

It is noted that although we have evaluated the illumination PSF here the same

expression may be used to describe the detection PSF in a confocal system.



Appendix B

The generalized microscope

This appendix contains brief derivations of the various convolution theorems that

describe the imaging properties of sectioning microscopes. Fig. B.1 shows the

schematic diagram of a confocal fluorescence microscope. A laser illuminates a

small pinhole placed in the entrance aperture of a microscope system. This sets

up an effective point source of light, which is imaged into the specimen by the 4f

system forming the illumination arm of the microscope. The resulting amplitude

distribution, known as the illumination PSF, is predominantly confined to a small

volumetric region as shown.

In fluorescence mode, molecules lying in the illumination PSF are excited and

photons emitted by the subsequent emissions are separated out by a dichroic beam-

splitter (DBS) and imaged onto a detection pinhole by a further 4f system. The light

transmitted by the pinhole is then measured by a photo-multiplier tube (PMT). It

is important to note that phase coherence between the contributions arising from

different points in the specimen is lost during the fluorescence process. A three di-

mensional image stack can then be recorded by physically moving the specimen and

measuring the fluorescence emission generated at a matrix of different locations.

We first take a look at the imaging properties of a single 4f system with unit

magnification. Fig. B.2 shows how two point sources of light, placed at different
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Figure B.1: Schematic diagram of the confocal microscope
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Figure B.2: The imaging properties of a 4f system of lenses.

positions, are imaged by this system. Under the assumptions of geometric optics a

point source placed at position r1 = (x1, y1, z1) should produce a point-like image

at r2 = (−x1,−y1, z1). The effect of wave optics is to broaden out these images

into PSF distributions. The amplitude distribution in image space setup by a point

source placed at r1 in image space is therefore h(r2 −Mr1), where M is defined as:

M =

 −1 0 0
0 −1 0
0 0 1

 (B.1)

This result will be used in the following sections to derive the imaging properties
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of a fluoresence confocal microscope and a two photon microscope.

B.1 Fluorescence confocal imaging
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Figure B.3: Each point in sample space sets up a further PSF in detector space.

In fluorescence imaging, contrast is achieved by measuring the density of fluo-

rescent molecules at each point in the sample σf (r2). With reference to Fig. B.3,

the laser source at the origin of the r1 co-ordinate system sets up an illumination

PSF, h1(r2), centred on the origin of the r2 co-ordinate system, where the specimen

is placed. Molecules lying at each point in the sample are excited at a rate pro-

portional to the intensity they experience, |h1(r2)|2. The subsequent decay of these

molecules at each point once again acts as a new point source that sets up a further

PSF in detector space. Assuming no change of wavelength during the fluorescence

process, the intensity distribution produced from one such sample point is:

I(r2, r3) = |h1(r2)|2 σf (r2 − rs) |h2(r2 −Mr3)|2 (B.2)
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Now, the intensity measured by a pinhole placed at r3 = 0 is the sum of the intensity

contributions from all points in the sample. The reason for summing intensity

contributions is that phase coherence is lost during the fluorescence process and

hence the interference between the PSFs in detector space arising from different

sample points averages to zero over time. The resulting intensity measured at r3 = 0

is therefore:

I(rs) =

∫
|h1(r2)|2 σf (r2 − rs) |h2(r2 −Mr3)|2 d3r2 (B.3)

which we can also re-write using the convolution operator:

I(rs) = |h1|2 |h2|2 ⊗ σf (B.4)

In most cases the illumination and detection paths are identical so we can set

h1 = h2 = h and the equation describing the imaging properties of a confocal

fluorescence microscope is:

I(rs) = |h|4 ⊗ σf ... single photon fluorescence mode (B.5)

From this, we can see that the function that we are trying to measure (σf ) is

essentially blurred out by the PSF distribution raised to the fourth power. The PSF

function therefore determines the resolution of the system.

B.2 Two-photon fluorescence imaging

In two photon fluorescence microscopy, image contrast is also achieved by measuring

the density of fluorescent molecules at each point in the sample σ2f (r2). A system

similar to that shown in Fig. B.3 can be used with the detection pinhole removed

so that the full intensity of fluorescence can be measured. As such, the detection
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arm of the system serves to collect the fluorescence photons and does not affect the

imaging properties of the microscope.

The difference between this mode and the single photon fluorescence mode is that

the fluorescence light generated at each point in the specimen by the illumination

PSF is the result of two-photon excitation processes. This second order effect has

a far reduced likelihood of occurring and produces fluorescence photons at a rate

proportional to the square of the illumination intensity, i.e. |h1|4. As such the

fluorescence generation in the sample can therefore be evaluated as:

I(rs) = |h1|4 ⊗ σ2f ... two photon fluorescence mode. (B.6)

The detection path collects a proportion of these photons and measures them. This

equation therefore describes the imaging properties of a two-photon microscope and

it can be seen from this that the detection path has no effect on the imaging proper-

ties of this system. From Eqs. B.5 and B.6 we see that the resolution of both these

microscopes is the same if we neglect the effects of noise.



Appendix C

High NA scalar theory and

spherical aberration

In this appendix we develop the expression for the PSF derived in appendix A

further to find a more appropriate form that is specific for high NA objective lenses.

Fig. C.1 shows a standard microscope configuration comprising a high NA ob-

jective lens and tube lens. A pinhole is placed in the image plane and is associated

with a PSF, h(x, y, z), which can be interpreted in two different ways. First, for the

case where laser light is introduced into this system via the pinhole, it can be inter-

preted as the illumination PSF and h(x, y, z) describes the amplitude distribution

set up in the focal region of the objective. Second, for the case where the pinhole is

used to filter light emanating from the specimen in object space, h(x, y, z) tells us

what regions of the specimen the pinhole is sensitive to.

In appendix A, an expression for h(x, y, z) was derived that was appropriate for

lenses with low NA:

h(x, y, z) =

∞∫
−∞

∫
P (m,n)e

ikz sin2 α
2 (m2+n2)eik sinα(mx+ny)dmdn. (C.1)

Here, k = 2π/λ, where λ is the illumination wavelength, m and n are the normalized
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Figure C.1: Standard microscope detection PSF

Cartesian co-ordinates in the pupil plane and α is the semi-angular aperture of the

lens. For a lens with no residual aberrations the pupil function, P (m,n), is defined

as being unity over the unit circle and zero elsewhere. We note that the phase

profile described by the exponential terms in the integrand is simply equivalent to

that produced in the pupil plane when a point source is placed at position (x, y, z)

in the focal region of a low NA lens. In chapter 3 (Pg. 49) we found an equivalent

expression for the phase profile generated in the case of a high NA lens:

Ψ(ρ, φ; r) ≈ −k sinα
{
mx+ ny + z

√
cosec2α− ρ2

}
, (C.2)

where a radial co-ordinate, ρ =
√
m2 + n2, is used in the pupil plane for convenience.

This profile differs slightly from the case of a low NA lens in the final term. Eq. C.1

can therefore be restated in a way that is more appropriate for high NA lenses:

h(x, y, z) =

∞∫
−∞

∫
P (m,n)e−ikz sinα

√
cosec2α−ρ2

e−ik sinα(mx+ny)dmdn. (C.3)

It is noted that in cases where the lens uses an immersion media, this expression is

still valid if k is multiplied by the refractive index of the immersion media.

Consider now the situation shown in Fig. C.2, where the pinhole is displaced a

distance zp along the axis of the system. The pinhole here is sensitive to a single

spatial mode that corresponds to the phase profile shown in the pupil plane of the
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Figure C.2: Standard microscope detection PSF

objective lens. This phase profile is determined by the low NA tube lens and can

be described by the following quadratic expression:

ψ(zp) =
kzp sin2 α

2Ma

ρ2, (C.4)

where Ma is the axial magnification of this optical system. A complete expression

for the PSF in this case, whether for illumination or detection, can therefore be

written as:

h(x, y, z; zp) =

∞∫
−∞

∫
P (m,n)ei

kzp sin2 α

2Ma
ρ2

e−ikz sinα
√
cosec2α−ρ2

e−ik sinα(mx+ny)dmdn,

(C.5)

Example density plots of |h(.)|2 in the meridional plane of object space are shown

in Fig. C.3 for three different axial locations of the pinhole (zp(mm) = −15, 0, 15).

An oil immersion objective lens from Olympus 1.4 NA 60× was assumed from these

calulations along with a tube lens of focal length 180mm and wavelength λ = 633nm.

Three main conclusions can be drawn from looking at these PSFs. The first is that

the process of moving the pinhole has effectively refocused the PSF along the axis so

that the system is sensitive to a different region of the specimen. The second is that

the PSF shape has broadened out along the axis, which will lead to a deterioration

of the sectioning performance of the system. The third is that the peak intensity
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Figure C.3: Plots of the PSF distribution in the meridional plane for different axial
locations of the pinhole. a) zp = 15mm, b) zp = 0 and c) zp = −15mm. See text for
details.

value is reduced for axially displaced positions which ultimately leads to a reduction

in signal strength that will be collected from such regions.

Finally, we note that the pupil function can be recast in the following way:

h(x, y, z; zp) =

∞∫
−∞

∫
P (m,n, z; zp)e

−ik sinα(mx+ny)dmdn, (C.6)

where

P (m,n, z; zp) =

 ei
kzp sin2 α

2Ma
ρ2

e−ikz sinα
√
cosec2α−ρ2

, ρ ≤ 1

0, ρ > 1
(C.7)

This expression is the one used in chapter 4.



Appendix D

High NA vectorial theory

In Appendix A, the derivation of the PSF distribution stemmed from the Huygens-

Fresnel diffraction integral in Eq. A.3. This integral was derived from the scalar

wave equation and is only applicable in the regime of paraxial optics, where the

light rays propagate along directions close to the optical axis. Commercial objective

lenses, however, refract light rays through large angles and so do not strictly operate

in the paraxial regime. As a result, the expressions we have derived so far for the

PSF are no longer valid. The Huygens-Fresnel integral can be adapted, however,

using the Debye theory [35] in order to provide us with a mathematical description

for high NA lenses.

D.1 The Debye theory

It has already been shown in Eq. A.4 that the effect of a thin lens is to con-

vert a plane wave to a spherical wavefront that converges towards the focal point.

Previously, to find the amplitude distribution around the focal point, we summed up

contributions from secondary sources lying in a plane immediately following the lens.

For high NA lenses, however, it is more appropriate to sum up contributions from

secondary sources lying on our newly formed spherical wavefront, as shown in Fig.

119
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Figure D.1: A plane wave is converted to a spherical wave by a lens. In the Debye theory,
the secondary source contributions from this new wavefront are assumed to be flat by the
time they reach points near the origin and are therefore approximated as plane waves.

D.1. Although these secondary sources produce spherical wavelets, it is found that

for very small displacements from the focal point (r2 � f) these wavelets appear to

be flat, to within a fraction of a wavelength, and can therefore be approximated as

plane waves ∼ e−ik·r2 . Summing the amplitude and phase contributions of all these

secondary sources gives the following expression:

U(r2) =
i

λ

∫
P (θ, φ)e−ik·r2dΩ (D.1)

where the integral is over the full solid angle subtended by the lens and a complex

pupil function P (θ, φ) has been introduced to account for the amplitude variation

over the spherical wavefront and any aberrations caused by the lens. In summary,

the field can be expressed as a superposition of plane waves of different propagation

directions within the solid angle subtended by the lens. For a full mathematical

justification of this see Gu[35].

Fig. D.2 shows how a commercial lens, following the sine condition, maps uni-

formly distributed rays on a plane wave to a spherical wavefront. It can be seen

that the density of rays becomes lower as θ increases and the consequent reduction
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θ

Figure D.2: This figure shows how a high NA objective lens, following the sine condition,
maps uniformly distributed rays on a plane wave to a spherical wavefront.

in amplitude that results from this must be taken into account by modifying the

pupil function.

P (θ, φ) = P (x, y) cos1/2 θ ...the sine condition (D.2)

where P (x, y) is the pupil function that would have been used in the paraxial case,

an example of which is given in Eq. 2.1.

D.2 Vectorial Debye theory

The Debye theory can be developed further to take account of the vectorial nature of

the electric field so that theoretical predictions of polarization effects, that become

important for high NA lenses, can be made.

Referring to Fig. D.3, a plane wave with arbitrary polarization in the x1−y1 plane

propagates towards the lens. The polarization of Ei at any point on the wavefront

can be expressed with a radial component along r̂ and azimuthal component along

φ̂. According to the Debye theory, each point on this initial wavefront gives rise to a

plane wave contribution in the vicinity of the focal point and as illustrated, the lens

causes the component along r̂ to be rotated about the φ̂-axis into this new plane
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Figure D.3: During refraction, a lens causes the component of polarization along r̂ to be
rotated about the φ̂-axis into a plane that is at a tangent to the spherical wavefront shown
in fig.D.1.

during refraction. The resulting field therefore has components of polarization along

the x2, y2 and z2.

The formal expression for the electric field amplitude near the focal point of a

lens that operates according to the sine condition can therefore be expressed as:

E(r) =
i

λ

∫
E0e

−ik·r2 cos1/2 θdΩ (D.3)

where once again the integration extends over the solid angle subtended by the lens

and E0 is the rotated version of Ei as shown in Fig. D.3. This can be manipulated

further to give:

E(r2, φ2, z2) =
πi

λ

 I0 + I2 cos 2φ
I2 sin 2φ
−2iI1 cosφ

 (D.4)

where the integrals I0, I1 and I2 are defined as:

I0 =

∫ α

0

cos1/2θ sin θ (1 + cos θ) J0(kr2 sin θ) exp (−ikz2 cos θ)dθ (D.5)

I1 =

∫ α

0

cos1/2θ sin2 θ J1(kr2 sin θ) exp (−ikz2 cos θ)dθ (D.6)

I2 =

∫ α

0

cos1/2θ sin θ (1− cos θ) J2(kr2 sin θ) exp (−ikz2 cos θ)dθ (D.7)
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J0, J1 and J2 represent zero, first and second order Bessel functions of the first kind

respectively and α is the maximum angle of convergence of the objective lens. These

equations are known as the Richards and Wolf integrals [26].
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[15] M. A. A. Neil, R. Juškaitis, T. Wilson, Z. J. Laczik, and V. Sarafis. Optimized
pupil-plane filters for confocal microscope point-spread function engineering.
Optics Letters, 25:245–247, 2000.

[16] M. J. Booth, M. A. A. Neil, R. Juškaitis, and T. Wilson. Adaptive aberration
correction in a confocal microscope. Proceedings of the National Academy of
Science, 99:5788–5792, 2002.

[17] S. Quabis, R. Dorn, M. Eberler, O. Glockl, and G. Leuchs. Focusing light to a
tighter spot. Optics Communications, 179:1–7, 2000.

[18] M. A. A. Neil, F. Massoumian, R. Juškaitis, and T. Wilson. Method for the
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